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A B S T R A C T
The physics of m agnetic  edge sta tes a n d  snake o rb its  in  tw o d i­
m ensional electron gases (2DEGs) fo rm ed  in  D y /A lG aA s/G aA s 
he terostruc tu res is investigated . Such o rb its  are fo rm ed  w h e n  a 
ferrom agnetic s trip e  d ep o sited  o n  a  sem iconduc to r he tero stru c­
tu re  is m agnetised . The stray  field  from  the  s trip e  resu lts  in  a 
gradient in  the perpend icu lar com ponent of the field at the 2DEG 
of the o rder of 106T /m .
M agnetoresistance of a narrow , dry-etched, 2DEG channel sub­
ject to a h igh  m agnetic field g rad ien t is investigated. The channel 
is show n to d isp lay  positive, b u t asym m etric, m agnetoresistance. 
A  m odel is p roposed  in  w hich positive an d  negative curren ts ex­
perience a  d ifferen t confining po ten tia l d u e  to the field grad ien t. 
T his alters the  n u m b er of transverse  cu rren t ca rry in g  m o d es  in  
the channel, an d  so changes the channel conductivity.
D evices w e have te rm ed  snake state spectrometers have b een  
fabricated an d  tested . These consist of p o in t contacts positioned  
to  d iscre tised  th e  sn ak e  o rb its fo rm ed  in  a channel subject to  a 
m agnetic field g rad ien t. A  th ird  p o in t contact acts to selectively 
transm it snake orbits w ith  app rop ria te  orbital param eters. U sing 
these devices, w e have detected the transm ission of discrete snake 
orbits.
A  theory  is described in  w hich  electrons in  snake orbits couple 
to  the  e lectrom agnetic  field. T his re su lts  in  conversion  of elec­
trical energy  to  m icrow aves. P re lim in a ry  experim en ts d esig n ed  
to  test th is th eo ry  led  to  the resistive detec tion  of ferrom agnetic  
resonance in  the d y sp ro siu m  stripe overly ing the 2DEG.
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I N T R O D U C T I O N
1 . 1 M O T I V A T I O N
Since the  inven tion  o f th e  in teg ra te d  circu it (i.e.) in  1 9 5 9 b 7], 
sem iconducto r devices have b ee n  m ad e  ever sm aller a n d  m o re  
pow erful. This rap id  p rogress, w h ich  has also d riven  th e  expan­
sion  of the sem iconduc to r in d u stry , is o ften  en cap su la ted  by  
M oore's Law [5i]. In 1965, G ordon  M oore observed th a t the n u m ­
ber of com ponents on  a single i.e. w as doubling  every tw o years, 
a n d  p red ic ted  th a t th is  g ro w th  w o u ld  con tinue in to  th e  fu tu re . 
M oore 's  law  h as  h e ld  tru e  since then , a n d  h as  gone from  being  
an  observation on technical p rogress to a m otivating  ph ilosophy  
for the sem iconductor in d u s try  ro a d m a p s  1].
This d em an d  for dev e lo p m en t h as  o ften  d riv en  technological 
deve lopm en t in  d iverse  areas. In  th e  p ast, th is h as in c lu d ed  
im provem en ts in  p h o to lith o g ra p h y  an d  w afer fabrication , a n d  
these p re ssu res  have p u sh e d  i.e. fab rication  to  65nm  fea tu re  
sizes. However, it has been p red ic ted  that these technologies w ill 
h it fu n d am en ta l p ro b lem s w h e n  devices becom e so sm all th a t 
irregu larities  in  fabrication  d o m in a te  the  characteristics of th e  
device. To overcom e this, a n u m b er of novel app roaches are  the 
subject of cu rren t research interest.
R ather th an  tackle th e  p ro b lem s p re sen ted  by  th e  to p -d o w n  
ap p ro ach  h ead  on, a  b o tto m -u p  m e th o d  ap p e a rs  to offer an  
attractive alternative. Fabrication of nano-electronic com ponents 
m ad e  from  carb o n  nanotubes[62], o rgan ic m olecules[63] a n d  
sem iconduc to r/m o lecu la r hybrids[2o] all take this line of attack.
A nother approach, w hich has a lready  m ade the leap into com ­
m ercial p ro d u c ts , is to u se  th e  m agnetic  m o m en t, o r sp in , of 
the cu rren t carry ing  electrons to process in fo rm ation . Spintronic 
devices are curren tly  u sed  in  the  re a d /w rite  heads of h a rd  discs 
an d  recently  m agnetic  ra n d o m  access m em o ry  ch ips have b een  
in troduced  to the m arket[65].
But the use of spin  for inform ation  processing, ra ther th an  d a ta  
sto rage an d  re trieval, h as  lag g ed  beh ind . T he p rim a ry  req u ire ­
m ents for sp intronics are the presence of a non-equ ilib rium  sp in  
popu lation  an d  sp in -dependen t tran sp o rt coefficients. Therefore, 
a th o ro u g h  u n d e rs ta n d in g  of th e  in teractions be tw een  charge 
carriers an d  m agnetic  fields in  sem ico n d u c to rs is an  im p o rtan t 
un d erp in n in g  of the  developm ent of these technologies.
1 .2  O R G A N I S A T I O N  OF T H E S IS
O ne system  th a t h a s  b ee n  in v estig a ted  consists o f a 2DEG 
channel subject to  a sp a tia lly  v a ry in g  field. If the  m agnetic  field 
perpend icu lar to the 2DEG changes sign anyw here in the channel, 
th en  a zero  field line exists. T he  L oren tz  force o n  e ither s ide  of 
the  zero  line is in  th e  o p p o s ite  sense, a n d  so electrons can  be  
g u id ed  along the zero  field  line in  orbits te rm ed  snake states.
T hese system s sh o w  a v a rie ty  o f in te re stin g  behav iours. This 
Thesis p resen ts som e research  in to  them .
1 . 2  O R G A N I S A T I O N  OF T H E S I S
In troductory  m aterial is covered in  C hap ters 2 an d  3. The relevant 
th eo ry  of m agnetic m ate ria ls  a n d  tra n sp o rt in  m esoscopic sem i­
conduc to r s tu c tu res is d iscu ssed  in  C h ap te r 2. In  C h ap te r 3 the  
experim ental m ethods u sed  are described, including nanofabrica­
tion  techniques, cryogenic m e th o d s  a n d  m icrow ave irrad ia tio n  
of the sam ple. A lso d iscu ssed  is th e  m ag n e tisa tio n  a n d  re su l­
tan t stray  field profile of a long  th in  ferrom agnetic stripe, as this 
m eth o d  w as su b seq u en tly  u se d  th ro u g h o u t to  im pose  a  stro n g  
field g rad ien t on  2DEGs.
T hree experim en ta l ch ap te rs  follow. In  C h ap te r 4, m easu re­
m en ts of th e  resistance of a  n a rro w  2DEG channel subject to  a 
s tro n g  m agnetic  field g ra d ie n t a re  p resen ted . A sym m etric  p o si­
tive m agnetoresistance w as observed. This w as explained using  a 
theory  based on calculations of the  num ber of conducting m odes 
in  the channel.
M agnetoresistance m easurem ents w ere also m ade on  bo th  sides 
of the th in  channel sim ultaneously . A  field d ep en d en t difference 
be tw een  the  tw o w as observed . T his d ifference w as th o u g h t to 
be d u e  to conductance en h a n cem en t by  m agnetic  ed g e  states 
travelling in  opposite  d irec tions a t e ither edge  of the channel.
C h ap te r 5 describes th e  fab rica tio n  a n d  o p era tio n  o f a snake 
state spectrometer, designed  to  d istin g u ish  ind iv idual snake states 
in  a channel m o d u la ted  b y  a  m ag n etic  field  g rad ien t. This is 
do n e  by  th e  in tro d u c tio n  o f tw o  p o in t con tacts to  the  channel, 
discretising the available states. States are th en  detected by  a th ird  
p o in t contact. The conductance o f the device w as observed to be 
en h an ced  w h e n  the classical e lec tron  tra jecto ry  passes th ro u g h  
all p o in t contacts.
The theory, an d  som e p re lim in a ry  m easu rem en ts of, the in ter­
action of snake states w ith  the e.m . field is in troduced  in  C hapter 
6. A  channel subject to  the  s tray  field  from  a  d y sp ro s iu m  stripe  
w as irrad ia ted  w ith  m icrow aves w h ils t in  a s tro n g  field. F erro ­
m agnetic resonance in the stripe  w as detected  via m easurem ents 
of the conductance of th e  channel.
1.2  O R G A N I S A T I O N  OF T H E SIS
Finally, C h ap te r 7 d raw s to g e th er th e  conclusions, in c lu d in g  
possib le areas of fu rther experim ental an d  theoretical work.
B A C K G R O U N D  T H E O R Y 2
Research in to  sem iconductors is w ide-ranging , w ith  m uch  effort 
be ing  d irec ted  tow ards sem ico n d u c to r h e te ro stru c tu res , w h ich  
consist of a junction betw een tw o d ifferent sem iconductors. This 
is in  contrast to a hom ojunction, in  w h ich  tw o differently  d o p ed  
reg ions of the sam e m ateria l a re  b ro u g h t in to  contact. O f p artic ­
u la r  in terest a re  h e te ro s tru c tu res  in co rp o ra tin g  q u a n tu m  wells, 
w hich have lead to such technological developm ents as heterostr­
u c tu re  b ased  ligh t em ittin g  d io d es, so lid  s ta te  lasers a n d  h ig h  
m obility  transisto rs for h ig h  frequency  applications.
The ad v en t of n an o s tru c tu r in g  techn iques h as  allow ed  n ew  
physical regim es in  h e tero stru c tu res  to  be investigated . Devices 
w ith  length  scales com parable to the m ean  free p a th  of electrons 
in  the quan tum  well have revealed new  physics. W hen com bined 
w ith  recent progress on  m agnetism  a n d  m agnetic m aterials, this 
h as  m ad e  n an o stru c tu red  m agnetic  devices a fru itfu l class of 
m ateria ls to  in v e s t ig a te ^ ] .  E xam ples in c lu d e  s tu d ies  of m ag ­
n eto resistance effects, m agnetic  m ultilayer m ateria ls  a n d  sp in  
in jec tion , leading to the use of electron spin  for d a ta  storage and  
retrieval an d  inform ation  processing.
In  th is chap te r th e  physics u p o n  w h ich  the  re st o f th e  Thesis 
is b ased  is sum m arised . S em iconducto r h e te ro s tru c tu res  a n d  
ferrom agnetic m ateria ls are  described , a n d  electron  tran sp o rt in  
m esoscopic sem iconductor devices d iscussed.
2 . 1  S E M I C O N D U C T O R  H E T E R O S T R U C T U R E S
The u se  o f sem iconduc to r h e te ro s tru c tu res  w as first p ro p o se d  
in  th e  early  1950s b y  W. Shockley[74] a n d  others[4o]. Extensive 
theoretical w ork  w as ca rried  o u t a ro u n d  th is tim e, in c lu d in g  
analysis of the current-voltage characteristics of junctions and  the 
p ro p e rtie s  of in jected  carriers, a n d  th e  p ro p o sa l of a varie ty  of 
possible device app lica tions^]. However, theoretical stud ies w ere 
for som e tim e ahead  of experim ental w ork. This w as d u e  to the  
difficulty  of find ing  tw o d ifferen t sem iconducto rs w ith  su itab le  
p roperties  -  a n u m b er of cond itions o f com patib ility  n eed  to  be 
m et.
The fo rem ost req u irem en t is for th e  tw o co m p o u n d s  to  have 
closely m atch ing  lattice co n stan ts  (ideally  w ith in  1%), to  avoid  
d islocation defects a t the in te rface^ ]. It is clearly  also necessary
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for th e  crystals to have th e  sam e cry sta llin e  s tru c tu re . T herm al 
properties m ust also be sim ilar, to  avoid stresses w hen  heating or 
cooling, an d  the co m p o u n d s m u s t b e  chem ically  stable.
D iffusion of d o p an ts  across th e  b o u n d a ry  b e tw een  the  tw o 
co m p o u n d s  can also  cause  p ro b lem s k n o w n  as cross d o p in g  
effects. For exam ple, th is s itu a tio n  could  po ten tially  occur in  the 
sem iconducto r p a ir  G a A s /G e , as  G a a n d  A s are  d o p an ts  o f Ge, 
an d  Ge is a d o p an t of GaAs[5o]. This p rob lem  can be m inim ised 
by  keep ing  the g row th  tem p era tu re  as low  as possible.
GaAs has a num ber of p roperties  w hich  m ake it a w ell-studied 
an d  u sefu l m aterial[2]. In  particu la r, it h a s  som e advan tages 
over silicon. It h as  a  d irec t b an d g a p , m ak in g  op tically  active 
devices easier to fabricate. It h as  a h ig h  electron m obility, w hich  
is im p o rtan t for h ig h  freq u en cy  devices. It also  h as  a  h igher 
b reakdow n  voltage, a llow ing  h ig h er pow er circuits.
T hese p ro p e rtie s  m ad e  G aA s a su itab le  s ta rtin g  p o in t for a t­
tem p ts  a t developing  a u sefu l h e te ro stru c tu re . A p p ro p ria te  m a­
terials w ith  closely m atch ing  lattice constan ts included  GaP an d  
ALAs. H ow ever, th ese  a re  n o t chem ically  stable. T he realisa tion  
that AlGaAs is stable, an d  developm ents in  heterostructure fabri­
cation lead to  the first lattice m atched  A lG aA s/G aA s heterostruc­
tu res  s im u ltan eo u sly  a t  th e  Ioffe Physico-Technical In stitu te  in  
R u ss ia^ ] an d  a t IBMjyo].
Since then , a ran g e  o f o th e r com binations have b een  fabri­
cated an d  investigated. C arefu l selection of sem iconductor pairs 
(w ith in  the requ irem en ts s ta ted  above) allow s fine-tuning  of d e­
vice p a ram ete rs  su ch  as ca rrie r m o b ility  an d  op tical p roperties . 
For exam ple, In A s / G aA s h e te ro s tru c tu res  a re  u sed  for in frared  
w aveleng th  p h o to d io d es . H e te ro ju n ctio n s are  also u sed  in  a va­
rie ty  of o ther technological app lica tions, in c lu d in g  d io d e  lasers, 
b ipo lar junction  transisto rs an d  photo transistors[5o].
2.1.1 Fabrication
T here are  tw o steps in  p re p a rin g  a  h e te ro s tru c tu re  from  raw  
m ateria ls. First, a sing le crysta l o f su b s tra te  m u s t be  p rep a red , 
an d  th en  a suitable set of layers g ro w n  o n  top  of it.
Boule growth
T he first stage in  fab ricating  a  sem ico n d u c to r h e te ro stru c tu re  
is the  g ro w th  of a large , s ing le  crysta l cy lin d er of th e  su b stra te  
m ateria l, te rm ed  the boule. Czochralski crystal growth is a w ide ly  
used  m ethod  for a varie ty  of sem iconductors.
In this technique, a crucible of h igh -purity  m olten  sem iconduc­
to r is p repared . A seed  crystal is m o u n ted  on  a rod , an d  d ip p ed
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in to  the m elt. It is th en  slow ly d ra w n  o u t w hile  ro tating . By p re ­
cise con tro l o f th e  sp eed , ro ta tio n  a n d  tem p era tu re  g rad ien t, a 
sing le crysta l is fo rm ed . D opan ts can  b e  a d d e d  to  th e  crucible 
before the d raw in g  process begins. The process is done in  an  inert 
a tm o sp h ere  (typ ica lly  argon) a n d  in  a n  in e rt crucible, u su a lly  
quartz .
If the sem iconductor is com posed of m ultip le elem ents, such as 
a III-V m ateria l, th en  ad d itio n a l p ro b lem s of decom position  are 
presented. The ad d itio n  of a liquid lid  o r encapsulate, a technique 
k n o w n  as L iq u id  E n cap su la ted  C zochralsk i (LEC) g ro w th , is 
g row ing  in  p o p u larity . In  the case of G aA s, arsen ic is th e  m o re  
volatile of the  tw o constituen ts, an d  so the  sem iconductor m ix is 
typically covered by  a b o ron  oxide m elt. A n  inert gas a t a h igher 
p ressure th an  the  arsenic partia l p ressu re  prevents the m elt from  
boiling.
This tech n iq u e  in tro d u es  a re la tively  h ig h  level of oxygen im ­
purities , scavenged  from  the q u a rtz  crucible. This, an d  the o the  
p ro b lem s re la ted  to  co m p o u n d  m ateria ls , m ean s th a t th is  a p ­
proach is n o t alw ays ideal for GaAs grow th, and  so the Bridgeman 
technique is o ften  used . In  th is process, th e  seed  crystal is p laced  
a t one en d  of th e  crucible, an d  the m elt is cooled from  th a t en d , 
by  e ither m o v ing  th e  crucible in  fu rnace  or vice versa.
O nce a cy lin d rica l crysta l h as  b ee n  p re p a re d , circu lar w afers 
are cleaved from  it.
Deposition o f the heterostructure
Once a w afer of b u lk  sem iconductor substrate  has been obtained, 
the  crysta lline  h e te ro s tru c tu re  is th e n  g ro w n  o n  one side  of it. 
This relies o n  careful control of the  thickness, quality  an d  p u rity  
of th e  d ep o s ited  layers. The layers m u s t also be a lig n ed  w ith  
the  crystal axis o f th e  substra te . T he p rocess is te rm ed  epitax ial 
grow th, an d  th ere  a re  th ree  princip le  m eth o d s for do ing  this.
Vapour P hase E pitaxy (VPE) uses a stream  of gaseous elem ents 
or co m p o u n d s  d irec ted  a t  the su rface  o f th e  substra te , w h ich  
condense to  fo rm  th e  req u ired  layer. T his is the  p re d o m in a n t 
technology in  use  in  industry. In L iquid Phase Epitaxy (LPE), the 
substrate is im m ersed  in  a sa tu ra ted  m etallic solution  containing 
the  n ecessary  layer com ponen ts . H ow ever, these  m eth o d s  have 
a varie ty  of d isad v an ta g es  w h e n  co m p ared  to  M olecular Beam  
E pitaxy (M BE)[io].
MBE takes p lace  in  a  u ltra -h ig h  v acu u m  cham ber. Sources, 
called  effusion  cells, o r  K n u d sen  cells, a re  lo ad ed  w ith  th e  re ­
q u ired  m ate ria ls  for th e  epitax ial layers, a n d  a ligned  w ith  th e  
substra te . T hese a re  th e n  h ea ted  u n til th e rm a l ev ap o ra tio n  p e r­
m its the atom s to  escape from  the cell. In  the  h igh  vacuum  envi-
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d e p th
(nm )
M obility
(cm 2V2s - 1 )
m .f.p.
(pm )
4 12.5 12.5 30 3.5 x 105 3.35
5 17.5 17.5 40 7.2 x 105 9.04
6 22.5 12.5 40 6.5 x 105 6.05
T able  1. P a r a m e te r s  fo r  th e  h e te r o s tr u c tu r e s  u s e d  in  th is  w o r k . C arrier  
d e n s it ie s  a re  d e d u c e d  in  th e  r e le v a n t ch a p ters .
ro n m en t, sca tte rin g  o f th e  a to m s is m in im ized  a n d  th ey  fo rm  a 
beam  incident u p o n  the substrate. Shutters in  front of the sources 
allow  precise  con tro l of th e  g ro w th  profile. T his m eth o d  is re la ­
tively slow  (ap p ro x im ate ly  one layer p e r  second), b u t resu lts  in  
sh a rp  b o u n d a rie s  b e tw een  layers, v ery  low  im p u rity  levels an d  
highly  un ifo rm  layers. D op ing  levels can be precisely controlled. 
T his m e th o d  h a s  p ro d u c e d  sam p les  w ith  th e  h ig h est reco rd ed  
m obilities [75].
For a G aA s/A lG aA s heterostructure, a typical g row th structure 
is show n  in  fig. 1. The p a ram ete rs  for th e  h e tero stru c tu res  u sed  
in  o u r ex p e rim en ts  are  sh o w n  in  tab le  1, w ith  m ean  free p a th  
(m .f.p.) len g th s  b e in g  d e te rm in e d  from  th e  m obility  a n d  the  
carrier density.
2.1.2 The GaAs/AlGaAs quantum well
Sem iconducto r h e te ro s tru c tu res  can  th ere fo re  be  re g a rd e d  as 
sing le  crysta ls  in  w h ich  th e  lattice occupancy  changes a t  an  
in te r f a c e ^ ] .  S uch  ju n c tio n s  are  u su a lly  u n d e rs to o d  b y  consid ­
e rin g  first th e  b a n d  s tru c tu re  in  th e  in d iv id u a l m ateria ls , an d  
then  the m odifications to these by interactions at the inteface. (Al­
th o u g h  the p h y sics  is s im ilar for all sem iconduc to r h e te ro stru c­
tures, the G aA s/A lG aA s system  is d iscussed  here.)
S em iconductors have a co n d u c tio n  b a n d  th a t lies close to  the 
valence band . The energy distance betw een them  is referred to as 
the ban d  gap. Electrons in  the sem iconductor fill the energy levels 
available, s ta rtin g  from  the  low est. The F erm i level a t T =  OK is 
defined  as b e in g  th e  level above w h ich  all sta tes are em p ty  an d  
below  w hich all are filled. A t finite tem peratures, the electron d is­
trib u tio n  is th erm a lly  b ro ad en ed , an d  the  Ferm i level is defined  
as being  the level of w h ich  the  occupancy  is one half.
G aA s a n d  A lG aA s are  b o th  d irec t b a n d  g ap  sem iconductors,
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Figure l. Typical composition of a near-surface modulation doped 
GaAs/AlGaAs heterostructure. X and Y denote the depth 
of the spacer and barrier layers respectively. Values of these 
and other parameters for the heterostructures used in our 
experiments are shown in table i .
with the Fermi level lying between the valence band (at an energy 
Ev) and the conduction band (at Ec). However, the energy gap 
between these two (Ec — Ev) is larger in AlGaAs, and the Fermi 
level is higher.
We now bring the two materials into contact. The Fermi levels 
in the two materials m ust equalise (otherwise there would be a 
permanent potential between the two layers). This is achieved by 
the migration of carriers and the bending of the band structure in 
the region of the interface (fig. 2). The bending of the conduction 
band creates a potential well, which dips below the Fermi level 
and can therefore be populated with electrons.
The electrons come from Si donors im planted in a thin layer 
in the AlGaAs. This highly doped layer is generally spatially 
separated from the interface, a technique referred to as modulation 
doping. This reduces scattering of electrons from impurities, and 
so increases their mobilities.
Si donors are substitutional -  they generally occupy the lattice 
site usually ocupied by the group-III species, but this is not always 
the case[53]. If, instead, the ion is displaced to an interstitial 
location then a defect trap is created (see fig. 3). These are termed 
DX centres, and usually trap electrons during the cooldown 
process. The electron population in the traps depends on the 
rate at which the system is cooled. This presents a problem if a





Figure 2 . Band structure in a GaAs/AlGaAs heterotructure. a) The struc­
ture of the separate materials, b) The materials are brought 
into contact. The requirement for equalisation of the Fermi 
level results in charge redistribution and band bending at the 
boundary.
reproducible electron density is required.
Electrons can be excited from these traps by an incident photon 
of energy hv «  1.3 — 1.4eV[35]. They then tend to migrate to 
the potential well, as to re-enter the trap, they would have to 
overcome a potential barrier of around 0.16eV. This leads to a 
persistant photoconductivity effect[8o]. Photoconductivity is also 
caused by electron-hole generation in the bulk GaAs, followed by 
charge separation at the in te rfa c e ^ ] . The relative size of these 
two effects depends on the structural and material parameters of 
the heterostructure.
The illumination of the heterostructure therefore permits rudi­
mentary control over the electron density in the potential well. 
It is of particular use if an electrostatic gate cannot be overlayed 
over the entire heterostructure -  if, for example, a split gate de­
sign (see below) is used, or if optical access to the device surface 
is required.
Electron gas depletion by an electrostatic gate relies on the 
existence of a Schottky barrier (also depicted in fig. 3) caused by 
band bending at the metal-semiconductor interface. This insulates 
the metal from the semiconductor. A potential difference between 
the gate and the electrons in the potential well affects the electron 
density by the electrostatic interaction -  a negative gate voltage 
depletes the electron gas, and a positive voltage increases the 
carrier density.
The application of a large negative gate voltage can deplete the 
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Figure 3 . Heterostructure band structure modified by a Schottky bar­
rier at a semiconductor-metal interface and the presence of 
misplaced Si donors forming traps.
gas in split gates{see section 3.1.4). Conversely, a large positive 
voltage can raise the Fermi level to the point where conduction 
channels are opened in the AlGaAs layer. Furthermore, too large 
a m agnitude of gate voltage can overcome the Schottky barrier, 
and cause a gate leakage current into the semiconductor.
2.1.3 A two-dimensional system
As the potential well is so narrow, discrete transverse modes 
are formed, and the energy of electrons in the well is quantised. 
If only one of the subbands lies below the Fermi surface, then 
only that energy level will be populated and a two-dimensional 
electron gas will form. A further proviso for this to occur is that 
the tem perature is sufficiently low that significant num bers of 
electrons are not thermally excited into the higher subbands.
In a typical GaAs/AlGaAs heterostructure, the difference be­
tween the first two energy levels is approxim ately 30meV[75]. 
This is sufficiently large that transport rem ains predom inantly 
two-dimensional well above 4.2K.
A 2DEG in an GaAs/AlGaAs m odulation doped heterostruc­
ture was first observed by Dingle et al in 1978 [18].
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M agnetic fields, an d  the resu ltan t forces, are du e  to the m ovem ent 
of an  electric charge. In  m any  cases, this m ovem ent is in  the form  
of a cu rre n t loop . S om e m ateria ls , p a rticu la rly  w h e n  p laced  in  
a n  ex terna l m ag n e tic  field, p ossess a m agnetic  m om ent. T his is 
called the  magnetisation of the m aterial.
By conven tion , H is u sed  to  d en o te  a n  ap p lied  field, M  d e ­
scribes th e  m ag n e tisa tio n  o f a  sam p le  a n d  B is th e  re su ltan t 
m agnetic  field  density , o r the  m agnetic  induction . The u n it of B 
u sed  h e re  is Tesla, a n d  th e  u n its  of M  a n d  H is A /m . H ow ever, 
th e  q u an titie s  poH a n d  poM  are  u su a lly  u sed , a n d  these  also  
have u n its  of Tesla.
2.2.1 Origins o f magnetism: atomic magnetic moment
Bulk m agnetism  orig inates in the m agnetic m om ent of ind iv idual 
atom s. T his in  tu rn  is a  re su lt o f the  m agnetic  m o m en t from  
in d iv id u a l o rb ita l e lectrons. T here are  tw o co n trib u tio n s to th e  
m agnetic  m o m en t o f a  p a r ticu la r electron; the  first com es from  
the ang u lar m o m en tu m  of the electron o rb it a ro u n d  the nucleus.
A n  o rb itin g  e lec tron , o f charge — e a n d  an g u la r frequency  tu, 
is equ ivalen t to  a circu lating  cu rren t i, w h ere  i  =  ea )/2n. A s the  
m agnetic m o m en t d u e  to  a circulating cu rren t is M  =  iS, w here  
S is th e  a rea  o f th e  cu rre n t loop, the  m agnetic  m o m en t d u e  the  
orbital an g u la r m o m en tu m  of the  electron is
A s P, th e  o rb ita l an g u la r  m o m en tu m  of the  electron , is g iven  
by P =  rnxur2, th is can  also  be w ritten  as
sh o w in g  th a t m ag n e tic  m o m en t is p ro p o rtio n a l to  an g u la r 
m om entum .
The an g u la r m o m en tu m  of th e  o rb iting  electron  is quan tised . 
P erm itted  values are  g iven  by P =  Ih, w ith  I, the  orb ital angu lar 
m om entum  q u an tu m  num ber, being integer. This m eans th a t the 
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M agnetic m om ent therefore com es in  in teger m u ltip les of
M B =  £ ,  ( , 4)
a quan tity  term ed  the Bohr m agneton .
The electron also h as  an  in trin sic  spin angular momentum. The 
m ag n itu d e  of the  sp in  is h / 2. A n g u la r m o m en tu m  is therefo re  
g iven by
P =  sh , (2.5)
w h ere  s =  \  an d  is called th e  sp in  q u an tu m  num ber. The 
resu ltan t m agnetic m om ent is
M  =  P. (2.6)
m
T here are  therefore tw o in d iv id u a l co n trib u tio n s to  the  m ag ­
netic m om ent of an  atom  or ion. The n e t m om ent d ep en d s u p o n  
the electronic structure of the atom , an d  on  the filling of electron 
shells. In  particu lar, u n p a ire d  elec trons can  co n trib u te  s trong ly  
to the total m om ent.
The m agnetic m om ent of an  atom  is often described as its spin, 
even th ough  it contains an  orb ital com ponent.
2.2.2 Bulk magnetic materials
The m agnetic  b eh av io u r of b u lk  m ateria ls  can  be  d iv id ed  in to  
tw o categories[i4]. A  lack of long range m agnetic order of atom ic 
m agnetic  m om ents, resu ltin g  in  feeble b u lk  m agnetism , is ei­
ther diamagnetism or paramagnetism. Long range order, lead ing  to 
stronger b u lk  m agnetism , is te rm ed  ferromagnetism  (in its b ro ad ­
est sense). This in  tu rn  can be su b d iv id ed  in to  types of o rdering, 
the m ain  ones being ferromagnetism  (the narrow er sense in  w hich  
it is u sed  from  now  on), ferrimagnetism  an d  antiferromagnetism.
In  ferrom agnetic  m ateria ls, n e ig b o u rin g  sp in s  a lign  d u e  to  
the exchange interaction betw een them . This in teraction originates 
from  the  Pauli exclusion  p rincip le . If n e ig h b o u rin g  a tom s have 
im p aired  electrons w ith  o p p o site  sp in  th en  th ey  can  ap p ro ach  
each other, and  the electrostatic energy of the system  is increased. 
If, however, the spins are aligned  in  the sam e direction, they can­
n o t app roach  each o ther d u e  to  the  exclusion princip le, an d  the 
C oulom b energy is decreased. N eighbouring  spins are therefore 
aligned , desp ite  the classical ten d en cy  o f m agnetic  m o m en ts to 
antialign.
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Domains
Over longer d istances, the m agnetostatic energy of a single large 
d ipole increases, un til it becom es energetically favourable for the 
sp in  p o p u la tio n  to  sp lit in to  tw o  o r m o re  n o n -a lig n ed  reg ions. 
T hese are  te rm ed  dom ains, a n d  are  a rran g e d  in  su ch  a  w ay  as 
to  m inim ise the  to tal energy  of th e  sp in  system . They ten d  to  be 
aligned  w ith  the  crystal s tru c tu re  of the  ferrom agnet.
A  sing le d o m ain  is a t sa tu ra tio n  m ag n e tisa tio n  by  its  n a tu re , 
b u t in  zero applied  m agnetic field, a ferrom agnet w ill tend  to have 
a net m agnetisation of zero -  dom ains of different m agnetisation 
d irection  w ill cancel each o ther out.
They are separated  by in term ediate regions called domain walls. 
In  these  reg ions, th e  sp in  ang le  changes gradually , over a few  
hundred[38] atom s. This is because the exchange energy of neigh­
b o u rin g  sp in s  increases w ith  th e  sq u are  of th e  ang le  be tw een  
them .
Magnetisation process
W hen a m agnetic field, H, is app lied  to a ferrom agnetic m aterial, 
th e  m ag n e tisa tio n  of th e  m ateria l increases. T his is ach ieved  
th rough  m ovem ent of the dom ain  w alls -  in  the case w here field 
is ap p lied  along  crystal d irection  dom ains aligned  w ith  ap p lied  
field grow , w h ile  d o m ain s  a t 180° a n d  90° to  H shrink . This 
continues u n til the en tire  sam ple is m agnetised  in  one direction, 
an d  sa tu ra tio n  m agnetisation  is therefore reached.
If th e  field  is ap p lied  in  a  d irec tio n  n o t p ara lle l to  crysta l 
d irec tion , th en  the  tw o (if the  field  is ap p lied  along  th e  [n o ]  
direction) or three (if the field is app lied  along the [111] direction) 
d o m ain  o rien ta tio n s  closest in  a lig n m en t to  H grow  u n til they  
occupy th e  en tire  sam ple. F u rth e r field increases th en  ro ta te  
these  d o m ain s  to  a lig n  w ith  the  field. A gain , th e  en tire  sam p le  
is m agnetised . For a po lycrstalline m ateria l, the  m ag n etisa tio n  
curve of th e  sam p le  w ill b e  an  average o f th e  curves for the 
d ifferen t crystal orien ta tions presen t.
The m ag n e tisa tio n  curve can  b e  d iv id ed  in to  th ree  regions. 
W hen the field is first applied , reversible dom ain  boun d ary  m ove­
m ent occurs, prim arily  th rough  bulg ing  dom ain  w alls[i4]. As the 
field is increased, dom ain  walls m ove an d  irreversable b o u n d ary  
displacem ent occurs. The final region of increased m agnetisation 
com es from  m agnetisation ro tation of dom ains. All spins are now  
aligned  w ith  the  app lied  field.
This m axim um  m agnetisation  is term ed  the saturation magneti­
sation. W hen  th e  ap p lied  field  is decreased , th e  m ag n e tisa tio n  
does n o t re tu rn  along  th e  sam e p a th  -  th ere  is som e hysteresis.
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The m agnetisa tion  p re sen t w h en  H =  0 is te rm ed  the  remanance 
magnetisation. A s th e  field is a p p lied  in  th e  o p p o site  sense, th e  
m ag n etisa tio n  reduces to  ze ro  a n d  th en  once m ore  becom es 
a lig n ed  w ith  th e  ap p lied  field. T he ap p lied  field  a t w h ich  th e  
m agnetisation  is zero  is the coercivity.
In  fact the  m ag n etisa tio n  cu rv e  is n o t sm ooth . D om ain  w all 
m ovem ent p rogresses in  sm all leaps, as w alls are  re leased  from  
som e fixed p o in t an d  th en  rep in n ed . Sm all vo lum es of sp in  
sw itching direction can cause nearby  regions to flip, setting  u p  a 
cascade effect. This is term ed  the Barkhausen effect. M agnetisation 
reversal in  a reg io n  o ften  in itia tes a t  a defect, su ch  as a g ra in  
b o u n d ary  or im purity , an d  then  p ro p ag a ted  th ro u g h  the sam ple.
These reversal processes can  re su lt in  localised vortices in  the 
m agnetisa tion  -  a  p o in t a ro u n d  w h ich  the m agnetisa tion  vector 
circulates. These fo rm  in  sm all m agnetic  elem ents, in  w h ich  
geom etric  constriction  is im p o rtan t, a n d  are  typ ically  seen  a t 
in term ed iate  fields in  the sw itch ing  process.
2.2.3 Shape effects on sample magnetisation
W hen a  finite sam p le  is m ag n etised , its sh ap e  h a s  a sign ificant 
effect o n  the  sh ap e  of th e  m ag n e tisa tio n  curve. This is because  
free m agnetic poles are created at e ither end  of the sam ple. These 
create a dem agnetising  field,
N M
H d =  — / (2.7)
Mo
w h ich  acts in  the  o p p o site  d irec tio n  to  the  m agnetisa tion . N  
is called the  d em ag n e tis in g  factor, a n d  d ep en d s  heav ily  u p o n  
the  sh ap e  a n d  d irec tion  o f m ag n e tisa tio n  of the  sam ple. A n  
an iso trop ic sam ple  w ill therefore have 'e a sy ' an d  'h a rd 7 axes of 
m agnetisation . A  given  field a p p lied  along  th e  easy  axis w ill 
re su lt in  a g reater m ag n etisa tio n  th a n  the  sam e field ap p lied  
along the h ard  axis.
For exam ple, if the  sam p le  is a th in  ellip tical p la te , as sh o w n  
in  fig. 4, it w ill be easier to m agnetise  along a vector in  the p la in  
th an  n o rm al (Axis C in fig. 4) to  it, as th is  m in im ises the size of 
the free poles. Similarly, it w ill be easier to  m agnetise  it paralle l 
to  th e  long  axis (axis A) of th e  ellipse th an  p aralle l to th e  sh o rt 
axis (axis B).
2.2.4 Ferromagnetic resonance
A  m agnetic  s ta te  vector w ill p recess ab o u t an  ex ternal ap p lied  
field. If this precession involves the nuclear spin, the phenom enon
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Figure 4 . Magnetisation axes of a thin ellipsoidal plate. A (the longest 
axis) is the easy axis, and C is the hard axis.
is termed nuclear magnetic resonance. If the precession involves 
the total electron magnetic moment in a ferromagnet, it is termed 
ferromagnetic resonance (FMR). The angular frequency of rota­
tion is given by
t U = _ 9 ^ m H‘ (2-8)
It therefore depends upon the m agnitude of the applied field 
and g, the gyromagnetic ratio for the material.
If there is no external source of energy, this angular momentum 
will die away, due to damping in the crystal lattice. To maintain 
the precession, an electromagnetic field of angular frequency cu 
can be applied, so that the spin is subject to an alternating mag­
netic field. For typical material param eters and the application 
of a field of IT, u> =  1.76 x lO ^rad s-1 , which corresponds to a 
frequency of 2.8 x 101oHz. This is the microwave region of the 
electromagnetic spectrum.
FMR can be detected by inserting a sample in a microwave 
cavity with a static field orthogonal to the e.m. radiation. A 
microwave detector is used to measure the absorption of radiation 
by the sample, and the static field is swept through a range of 
values. W hen the frequency of the microwaves matches cu, and 
the resonant condition is met, absorption of the microwaves 
will increase. A decrease in the intensity at the detector will be 
recorded.
FMR can be used to measure the ferromagnetic properties of a 
material. For example, it has been used to probe spin waves[46], 
saturation m agnetisation[n] and exchange couplings[30].
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2.3.1 Electron transport in mesoscopic 2DEG structures
Electrons in  a single su b b an d  o f a 2DEG have energy  (relative to 
the  bo ttom  of the subband)
h 2k 2
E(k) =  — . (2 .9)
The density  of states (DOS) is g iven by
/ t - n  9s9vTTl /  v
P(E) = aST' (2-10)
w h ere  the  sp in  d eg en eracy  g s =  2 a n d  th e  valley  deg en eracy  
gv =  1. The DOS is th e re fo re  in d ep en d e n t of th e  energy. A  
sequence of su b b an d s  in  th e  DO S are  assoc ia ted  w ith  d iffe ren t 
energy levels in  the w ell a t the heterostructu re interface. Usually, 
on ly  a single su b b an d  is occup ied , a n d  so th is  m ean s th a t th e  
electron density, n ,  is re la ted  to  the Ferm i energy  by
EFgsgvm
n s  =  (2-I1)
The F erm i w avevector, kp — y Z m E p /h ? , is re la ted  to  d en s ity  
by
k F =  y /4m i s/ g s gv . (2.12)
The ap p lica tio n  of an  electric field sh ifts  the  d is trib u tio n  of 
electrons in  k-space aw ay from  the  equ ilib riu m . A ssu m in g  th is 
shift is sm all in  com parison  to  k F, m o st electrons w ith  w avevec­
to r k  >  0 are  still co m p en sa ted  by e lec trons w ith  w avevector 
k  <  0 . The electron  states p rev iously  occupied  b y  electrons w ith  
wavevectors around  —k F w ill be empty. Conversely, em pty  states 
aro u n d  + k F are filled. A s a  consequence of this, electrical charge 
tran sp o rt is d u e  only  to electrons a ro u n d  the  Ferm i surface.
2.3.2 Diffusive and ballistic transport
O ften  the  m ean  free p a th  of an  e lectron  in  a n an o s tru c tu re  is 
com parab le  to  th e  scale o f th e  device. It is therefo re  u sefu l to 
consider tw o reg im es in  w h ich  tran sp o rt can  tak e  place. In  th e
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Figure 5 . Transport in a 2 DEG channel, a) The diffusive regime. Elec­
trons scatter from the channel walls, defects, electrons and 
thermal phonons. b) The ballistic regime. Electrons scatter 
only from the channel walls.
diffusive regimes (fig. 5a), the mean free path (m.f.p) of the elec­
trons is much shorter than the characteristic length of the system. 
Most scattering events consist of interactions with defects and 
phonons, and these are the m ain contribution to the resistivity 
of the channel. This behaviour is described by the Drude model 
discussed in section 2.3.3.
If, on the other hand, the m.f.p. is longer than the length 
scale of the system, then the electrons are described as moving 
ballistically (fig. 5b). Scattering occurs mainly from the boundary 
of the conducting channel, and can be either specular or diffuse, 
the latter resulting in an isotropic m om entum  distribution after 
the collision. If the scattering is specular, then momentum along 
the channel is preserved, and there is no contribution to the 
resistivity. Typically, however, there is a diffuse component to 
boundary scattering.
The intermediate regime, in which both effects are significant, 
is termed the quasi-ballistic regime.
2.3.3 Diffusive transport 
Drude model of conductivity
In a zero or weak magnetic field, a simple model can be used to 
relate longitudinal and transverse conductivity to the transport 
properties of the 2DEG. (Magnetotransport is discussed in more 
depth in section 2.3.5.)
Current carrying electrons gain m om entum  from an external 
electric field, E, and lose momentum in collisions with defects and 
phonons. In the steady state, the rate of change of m om entum  
from each mechanism is equal and opposite. This condition can
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be w ritten  as
d p ' d p '
. d t . scattering d t field
(2.13)
In  term s of p roperties  of the 2DEG, th is becom es 
—  =  e[E +  vd xB], (2.14)
H ere, r  is th e  sca tte ring  tim e, o r the  m o m en tu m  re laxation  
tim e, an d  v^  is the  d rift velocity.
We can  re la te  the cu rren t density, J, to  th e  carrier d en sity  an d  
th e  d rift velocity  by  J =  e v a n s, a n d  rew rite  eq u a tio n  2.14 in  
vector form  to ob tain
m p
e r
+ B  H
. 1 e r J (£) - (v




E quation  2.15 can be rew ritten  as
(2.15)
(2.16)
=  a - 1
1 - p B  
+ p B  1
(2.17)
w h e re  cr =  |e |n s p  a n d  p  =  | e | T / m .  C o m b in ed  w ith  eq u a tio n  
2.16, th is gives us
Pxx =  cr 1 (2.18)
pB  B
P y x -  Pxy -  a  - |e |n > . (2 -19)
So, the long itud inal resistiv ity  is p red ic ted  to be  constant. The 
p e rp en d icu la r  resistiv ity  (the H all resistivity , see section  2.3.3) 
increases linearly  w ith  field. These pred ic tions are generally  true 
for w eak ap p lied  fields.
2.3 E L E C T R O N  T R A N S P O R T  I N  2 DEGS
2.3.4 Ballistic transport
Quantum point contacts -  conduction quantisation
A  q u an tu m  p o in t con tac t is a  la te ra l constriction  in  a 2DEG 
channel, w ith  a w id th  of th e  o rd e r of th e  Ferm i w aveleng th  of 
electrons in  the 2DEG. Lateral e lectron m odes in  the channel are 
quantised because of this constriction. The available conductance 
m o d es are therefore also q u an tised , w h ich  leads to  q u an tised  
resistance steps of size 2e2/ h  as the w id th  of the QPC is changed. 
This is d iscussed  in  detail in  section  2.3.4.
This geo m etry  is realised  e ith er by  e tch ing  a  n a rro w  channel 
or, m ore  usually , by  a  sp lit e lectrostatic  gate  o n  to p  of the  h e t­
erostructure. The application  of a negative voltage to this depletes 
the  2DEG b en ea th  th e  gate  (see sec tion  2.1.2) -  b y  v ary in g  the  
voltage the w id th  of the  contact can  be changed.
Ballistic conductance effects
In  the  ballistic a n d  quasi-ballistic  reg im es, the  g eo m etry  o f th e  
sam ple can have a strong influence on  its conductance, as b o u n d ­
ary  sca tte ring  is the  d o m in an t co n trib u tio n  to  the  resistance of 
the device. For exam ple, the  case of an  electron  en tering  a chan­
nel can  b e  considered  (figs 6a a n d  b). T he configu ration  of the  
junction  betw een  the channel a n d  the  w id e r reg ion  contro ls the  
am o u n t of backscattering  of electrons.
Ballistic effects can  also  p ro d u c e  vo ltage d ifferences be tw een  
contacts to  2DEG channels w h ere , classically, th ere  sh o u ld  be  
none. Two su ch  s itu a tio n s  a re  sh o w n  in  figs 6c a n d  d. In  fig 6c, 
the cu rren t is be ing  in jected  a n d  ex tracted  th ro u g h  contacts A  
an d  B. F u rth er d o w n  th e  channel, the  non-local voltage be tw een  
C an d  D  is be ing  m easu red . A s ballistic  electrons injected from  
A  are n o t necessarily  sca tte red  in to  B, som e co n tin u e  d o w n  the  
channel an d  con tribu te  to  a  p o ten tia l d ifference betw een  C an d  
D.
In fig. 6d the bend resistance is being  m eaured. Again, curren t is 
being  injected th ro u g h  contacts A  an d  B, an d  the  voltage probes 
are  labelled  C a n d  D. In  th is  geom etry , w e are  m easu rin g  the  
voltage associated w ith  the ben d  in  the curren t tow ards B. This is 
affected by  an  applied  m agnetic field, as d iscussd  in  section 2.3.5.
The Landauer-BUttiker formalism
C o n d u ctio n  th ro u g h  a  channel b e tw een  tw o o r m ore  reservoirs 
can  be form ally  s tu d ied  usin g  th e  Landauer-B iittiker form alism .
In  the  L an d au er m odel, th e  co n d u c tiv ity  of a sam ple  is d isre­
garded  in  favour of considering the conductance. This m eans the
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Figure 6. a) Electrons travel from a wide region of the 2 DEG (A) to a 
narrow channel (B). The sharpness of the transition region 
causes backscattering. b) A more gradual transition reduces 
the backscattering. c) A current is injected from A to B, and 
the voltage measured across C and D further down the chan­
nel. Electrons which have not followed the classical path (I) 
contribute to a potential, d) Measurement of the voltage (C-D) 
associated with a bend in the current, which is again from A 
to B.
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m o d el can  b e  ap p lied  w h e n  th e  concep t of a local co n d u c tiv ity  
is n o t valid . O ne consequence o f th is  is th e  in d ep en d en ce  o f a 
channel's  resistance on  its length.
A n electric cu rren t is carried  by  a n u m b er of conducting  chan­
nels. To determ ine the transm ission in  each channel, w e consider 
tw o reservo irs a t energ ies Ep a n d  Ep +  6 p. E lectrons sta tes w ith  
the g ro u p  velocity in  one direction  are occupied  u p  to Ep, w hile  
states travelling in  the o ther direction are occupied u p  to  Ep +  6 p. 
Therefore states betw een  Ep an d  Ep -h con tribu te to  the tran s­
m ission.
To d e term in e  the to tal transm ission , w e in tegra te  th e  p ro d u c t 
of the density  of states and  the g roup velocity in  this interval. So
This is in d ep en d en t of the m ode an d  the Ferm i energy, as the  
g roup  velocity an d  lD  density  of states cancel each o ther out. 
U sing 6p =  6n/p(Ep) ,  J =  D 6 n  an d  G =  e2p(Ep)D w e ob tain
w h ere  N  is the n u m b er of conducting  channels available. In  a 
sq u are  w ell p o in t contact, th e  n u m b er o f (one sp in) co n d u c tin g  
channels is given by
an d  so the conductance of the po in t contact is
M ore generally, th is  concept can be  ex ten d ed  to  conductance 
b e tw een  a n u m b er of d ifferen t reservoirs. For exam ple , a  fo u r 
p o in t resistance m easu rem en t m ay be  considered . Voltage a n d  
c u rren t contacts a re  n o t considered  separately . R ather, th ey  are  
b o th  described  as reservoirs. Pairs of reservoirs are  th en  consid ­
ered, w hich  are connected by  leads.
For a g iven  pair, reservo ir A  w ill be connected  to  m  co n d u c­
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F ig u re  7. W eak lo ca lisa t io n , a) T w o  arb itra ry  p a th s  b e tw e e n  tw o  p o in ts .
P h a se s  are  u n r e la te d , b )  A n  e le c tr o n  p a th  fo r m s  a  lo o p  b a c k  
to  its  s ta r t in g  p o in t . C lo c k w is e  a n d  a n t ic lo c k w is e  p h a s e s  are  
th e  sa m e .
n  channels in  its  lead . The tran sm issio n  p ro b ab ility  am p litu d e  
from  channel m  in  lead  A  to  ch an n el n  in  lead  B is g iven  by  
tBA,n.m* The to ta l tran sm issio n  p ro b ab ility  from  reservo ir A  to  
reservoir B is th en  given by
N a  N b
T a—>B =  J "  I^BA/nm l • (2.25)
m=1 n = l
Probabilities can be determ ined  for each pair of contacts, and  so 
the behavior of the m ultireservoir conduc to r as a w hole stud ied .
Weak localisation
W eak lo ca lisa tio n ^ , 7] is a p h ase  coheren t effect observed  in  2D 
or th in  film system s in  w hich  the probability  for defect scattering 
is sufficiently  h igh . T he effect com es from  th e  in terference of 
co u n ter-p ro p o g a tin g  closed  e lec tron  p a th s , w h ich  is n o t tak en  
in to  account by the  L andauer-B iittiker form alism .
The s itu a tio n  in  sh o w n  in  fig. 7. Ballistic e lectrons from  an  
a rb itra ry  sta rtin g  p o in t (A) w ill th e n  sca tte r off a n u m b er of 
defects before a rriv in g  a t som e fin ish ing  p o in t (B). T hese p a th s  
are, in  general, u n re la ted , a n d  so th e re  is n o  p h ase  coherence 
betw een  the two.
How ever, w h e n  A  a n d  B are  in  th e  sam e position , an d  so th e  
e lec tron  is sca tte red  back  to  its s ta rtin g  p o in t, th e  s itu a tio n  is 
s ligh tly  d ifferent. In  th is  case th e  p a th  describes a closed  loop, 
w hich  can be traversed  e ither clockw ise o r anticlockw ise.
The p a th s  are  sym m etric  a n d  p h a se  coheren t. This re su lts  in  
constructive interference of the electron 's w avefunction at A, and  
an  corresponding increase in  the probability  of the electron being 
scattered back to  its starting  point. The resu lt of this is to increase
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the resistivity  of the 2DEG. Typically this effect is only significant 
below  abou t 4K in  A lG aA s/G aA s 2DEGs[i5].
2.3.5 Electron transport in magnetic fields
A  m agnetic  field co m p o n en t p e rp en d icu la r  to  th e  p lan e  of the  
2DEG (Bz) h as a varie ty  of effects o n  the  tran sp o rt p ro p erties  of 
the system . N ote th a t the in-plane com ponents have no  effect the 
because p erp en d icu la r com ponen t of the  electron m o m en tu m  is 
quantised , an d  the energy levels are  w idely  spaced. However, an  
in-p lane field is often  app lied  in  experim ents in  o rder to m agne­
tise a m agnetic  n an o stru c tu re  d ep o sited  on  the  he tero stru c tu re . 
The stray field from  this then  has a non-zero  and  spatially  varying 
Bz com ponent.
Homogeneous magnetic fields
H o m o g en o u s m agnetic  fields have a n u m b er of effects o n  elec­
tro n  trajectories a n d  energy  levels. O ne of the  m o st com m only  
observed is the  Lorentz force. This is experienced by  an  electron 
travelling  in  a  m agnetic  field, an d  is g iven  by Fl =  e(v x B). It 
therefo re  acts p e rp en d icu la r  to th e  d irec tio n  o f travel a n d  the  
field direction. This force results in  a n u m b er of effects, the m ost 
com m only  observed  of w hich  is the H all effect. This has already  
been  m en tioned  in  section 2.3.3, b u t is ex p an d ed  u p o n  here.
If a slab ca rry ing  a cu rren t Ih is subjected  to  a m agnetic  field 
n o rm al to  th e  p lan e  of th e  slab, th en  th e  cu rren t-carrie rs  are  
subject to the Lorentz force. This resu lts in  a bu ild  u p  of carriers 
a t one side  of the  slab, a n d  a  co n seq u en t p o ten tia l -  th e  H all 
voltage, Vh  -  across the slab. For a  tw o-dim ensional system , Vh  
is given by
VH =  — , (2.26)n e
w here  n  is the sheet carrier density.
M ore generally , in  a b u lk  2DEG, an  ap p lied  field w ill force 
electrons to  m ove in  a circle. The electron w ill orbit w ith  angu lar 
frequency
iv c =  — . (2.27)
m
A q uan tum  p ictu re of this can b e  developed. To obtain  do  this, 
w e  req u ire  th e  S ch rod inger eq u a tio n  for th e  system . To o b ta in
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this w e w rite the m om entum  in  operato r form , as p  — eA, w here 
A  is the vector po ten tia l an d  is defined  by
B (r,t)  =  V x A (r ,t) .  (2.28)
Selection of the L an d au  gauge, A =  —Byx (for a field o f form  
B =  (0, 0, Bz) leads us to  the S chrodinger equation,
h 2 2 i e f t . _  e2 4 2V 2  A  • V +    2 A
2m  m e 2m cz
y\) =  Erf). (2.29)
It can then  be dem onstrated  that the electron energies are given
by
E =  (n + 1  / 2 )fuuc +  (2-3°)
an d  so are  quan tised . These en e rg y  levels a re  te rm ed  Landau 
levels, an d , in  the  absence of sca tte ring , m od ify  th e  d en s ity  of 
states to a series of K roniger d e lta  functions,
eB «—p(E) =  gs9v— £ 8 { E - E n ). (2.31)
n =1
In  fact, defect scattering an d  d iso rder b roadens the levels, an d  
so the inter-level density  of states is non-zero.
In the central region of a confined 2DEG, and  in  the absence of 
an  applied  electric field, electrons in  L andau  states are stationary. 
However, a t the perim ete r of the  sam ple, electrons w ill travel in  
one direction in  edge states. A confined 2DEG w ith  a perpend icu lar 
ap p lied  m agnetic  field w ill therefo re  have a cu rren t circu la ting  
a ro u n d  the edges, even in  the absence of an  electrom otive force. 
How ever, an y  cross-section across the  sam p le  w ill have a  total 
cu rren t density  of zero.
Shubnikov-de Haas oscillations
A s  d iscussed  in  section  2.3.1, on ly  electrons a ro u n d  th e  Ferm i 
level contribute to conductance in the 2DEG. Therefore, a change 
in  the  DOS a t th e  Ferm i level affects th e  conductivity . If a  L an­
d a u  level coincides w ith  the  Ferm i level th en  sca tte ring  w ill be  
augm ented  and  the resistance increased. Conversely, if the Ferm i 
level is in an  inter-level region, the resistance w ill be decreased.
A s the  spac ing  of the  L an d au  levels d e p e n d s  o n  the  ap p lied  
p e rp en d icu la r field, so does th e  DOS a t th e  Ferm i level. T he
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m agneto resistance therefo re  show s oscilla tions p erio d ic  in  1 /B , 
w ith  m in im a a t
h n s
B =  2eN (2-32)
for in teger values of N . These are  te rm ed  S hubnikov-ae  H aas 
oscillations, an d  are often u sed  to determ ine the electron density  
in  a 2DEG. N  is the filling factor an d  is the n u m b er of com pletely 
filled L andau  levels.
The quantum Hall effect
The H all resistance also show s features periodic in  1/B . P lateaux 
are observed a t the sam e position  as the  m angetoresistance m in­
ima. This is the integer q uan tum  H all effect, an d  w hile the p lateau  
have the sam e periodicity  as the Shubnikov-de H aas oscillations, 
differen t physics is involved.
The num ber of edge states a t the perim eter of a sam ple depends 
u p o n  th e  m agnetic  field, b u t  is a lw ays in teger. (The fractional 
quan tum  H all effect is a m any body  effect, an d  is, as yet, no t fully 
un d ers to o d .) C u rren t flow  a ro u n d  th e  sam p le  is therefo re  also 
quantised. This effect requires transport to  occur in  spatially  well 
sep a ra ted  ed g e  states, so sca tte ring  b e tw een  th em  is su p re ssed  
an d  tran sp o rt is adiabatic. H ig h  fields are  therefore requ ired , as 
tra n sp o rt a t low er fields occurs in  s ta tes  th a t in te rac t w ith  b o th  
edges of the sam ple.
Other magnetoresistive effects
T he ap p lica tio n  o f a p e rp en d icu la r m agnetic  field  h as  a varie ty  
of o ther geom etrical effects on  ballistic transporta tion  in  a 2DEG 
channel. A n app lied  field can su p p ress  back-scattering from  the 
edges of, an d  defects in, the channel (fig. 8a an d  b). This resu lts 
in  a negative m agneto resistance, p a r tic u la rly  a t q u a n tu m  p o in t 
contacts.
The bend  resistance is also field dependen t. It is typically nega­
tive at sm all fields, zero at large fields an d  positive a t in term ediate 
values. The exact s itu a tio n  d e p e n d s  u p o n  th e  g eo m etry  of the 
contacts involved , a n d  in  p articu la r th e  ra d iu s  of th e  cu rren t 
bend .
A  m agnetic field also suppresses w eak localisation (see section 
2.3.1. A n  e lec tron  p a th  re tu rn in g  to  its  o rig in  increases resis­
tance by constructive interference. The penetra tion  of flux quan ta 
th rough  the loop breaks the sym m etry  of the loop, and  so induces 
a phase difference betw een the clockwise an d  anticlockw ise paths.
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Figure 8 . Scattering in a channel, a) The perpendicular field is zero.
Back scattering occurs, b) A field is applied. Back scattering is 
suppressed.
•  B
Figure 9 . The Aharonov-Bohm geometry for electrons making a) a half 
circuit of the ring and b) a complete circuit.
The interference at the start point is therefore not, in general, con­
structive, and coherent backscattering does not occur.
Aharonov-Bohm oscillations
If a conducting ring is defined in a planar (metallic or 2DEG) 
substrate, as in fig. 9 then the paths from point 1 to point 2 are 
constrained to follow one of the two arm s of the ring. In an 
ideally thin ring, there are only two paths available, and there 
is a matching of phases between the two paths. Interference is 
positive at point 2, and transmission from point 1 is increased.
A perpendicular applied field (B) introduces a phase shift 
between the arms of the ring of
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Alp -
h (2-33)
w here O is the enclosed flux, an d  is given by ® =  BS. If this is 
+ 7t for one arm , a n d  —n  for the  o ther, th en  the  to ta l p h ase  sh ift 
b e tw een  th e  tw o a rm s is In ,  a n d  th e  co n d itio n  for construc tive 
in terference a t 2 is still m et. H ow ever, if th e  to ta l p h ase  sh ift 
b e tw een  the  a rm s is n , th e  in terference w ill be  destruc tive , an d  
tran sm issio n  w ill be  red u ced . T his re su lts  in  oscillations in  the  
m agnetoresistance of period
In terference be tw een  p a th s  can  also  occur afte r a  com plete  
circuit of the ring  (from poin t 1 back to  1). These oscillations will 
have p erio d
as the phase  sh ift induced  by the  enclosed flux is
In contrast to  the oscillations du e  to  half circuits of the ring, the 
p h ase  of th is effect is sam p le  in d ep en d en t. In  p ara lle l o r series 
array s of rings, th is m ean s th a t th e  p e rio d  h / 2eS oscillations 
rem ain , w h ile  th e  conduc tiv ity  co n trib u tio n  from  th e  p e rio d  
h /e S  oscillations averages to 0.
This effect was first observed in  a long a lum inium  c y l in d e r ^ ] .  
A s a cy linder is effectively a  n u m b er o f rin g s  stacked  o n  top  
o f each  other, on ly  th e  p e rio d  h /2  eS oscillations w ere observed. 
h /e S  oscillations in  a  sing le rin g  w ere  first observed  by  W ebb 
et 0/(95], a n d  explicit su p p re ss io n  o f th e  h / 2eS oscillations in  
m ultiring  geom etries has also been observed[86]. In real sam ples, 
the  w id th  of the  ring  is finite, an d  so th e  frequency  range  of the 
observed  oscillations is b roadened .
Inhomogeneous magnetic fields
A ll the  p rev io u s d iscussion  concen tra tes o n  h o m o g en o u s  m ag ­
netic  fields. This thesis is concerned  w ith  e lec tron  tra n sp o rt in  
inhom ogeneous fields, p rim arily  p e rp en d icu la r  to the  field g ra­
d ien t, a n d  so a n  in tro d u c tio n  to  the  re lev an t p hysics is n o w  
presen ted .
(2 .34)
Ai|> =  —  G>. 
ri
(2.36)
2 . 3  ELECTRON TR A N SPO R T  IN  2 DEGS
Figure 1 0 . A magnetic field gradient guides the electrons in a channel 
in cycloid and snake orbits. Electrons in the two states travel 
in opposite directions.
A gradient of Bz across a current carrying channel can act 
to channel electrons, particularly around the zero field point if 
one is present. A semiclassical framework outlines the situation 
adequately, and is presented in fig. 10. In a channel with the zero 
field line down the m iddle and the field of different sign either 
side of the line, the Lorentz force on an electron moving down the 
channel will act in a different direction in each half of the channel. 
If the electron is moving one way along the channel then it will be 
forced towards the centre, regardless of which side of the stripe 
it is. These confined states can be param eterised by the angle at 
which they cross the Bz =  0 line and their "wavelength" -  the 
distance between successive intersects of the electron trajectory 
and the zero field line. These two quantities are linked by the 
m agnitude and profile of Bz.
This situation is not time symmetric. Positive and negative trav­
elling electrons experience different confinements. If the electron 
moves in one direction, it will be confined to the centre line. If it 
moves in the other, it will be deflected towards the edges of the 
channel. This results in different magnetoresistance behaviour 
for the two directions of travel[44, 43, 29]. This is the subject of 
Chapter 4.
2.3 E L E C T R O N  T R A N S P O R T  I N  2 DEGS
O ther system s also show  m agnetoresistance effects. If the m ag­
netic do t profile in a region of the channel is such that th a t Bz =  0 
line fo rm s a closed  loop, th e n  e lec trons can  be  tra p p e d  in  ed g e  
sta tes  circu lating  th is  line. T he tra p p in g  is s tro n g est w h e n  an  
in teger num ber of w avelengths fit a ro u n d  the loop. As above, the 
w avelength  d ep en d s  o n  the  m ag n itu d e  of the  ap p lied  field, an d  
so the trap p in g  is period ic  in  Bz. This is observed  as m agneto re­
sistance oscillations [87].
Such system s can  b e  rea lised  b y  th e  d ep o sitio n  of m icrom ag­
n e ts  o n  th e  su rface of the  h e te ro s tru c tu re . D ysp rosium , cobalt 
an d  iron  are all su itab le  ferrom agnetic  m aterials. These are then  
m agnetised  by  the app lica tion  of an  ex ternal field (Bapp). A  th in  
w ire of ferrom agnet can p roduce a cross channel Bz profile w ith  
e ith er one (if Bapp is p aralle l to  th e  p la in  of th e  2DEG) o r tw o 
(if Bapp is p e rp en d icu la r  to  th e  2DEG) ze ro  field  lines. A  circu­
lar closed zero  field line can  be c rea ted  b y  a  circu lar m agnetic  
d o t, w h ich  is m ag n e tised  by  a p e rp en d icu la r  Bapp. F abrication  
m ethods are d iscussed  in  d ep th  in  C h ap te r 3.
2.3.6 Spin transport in semiconductors
T he te rm  spintronics w as co ined  in  1996 a n d  is u sed  to  describe 
devices in  w h ich  the  sp in  of the  charge  carriers is explo ited . To 
achieve this, a n o n eq u ilib riu m  sp in  p o p u la tio n  is g en era lly [71] 
requ ired . G en era tin g  an  eq u ilib riu m  sp in  p o la rised  cu rren t is 
easy  -  su ch  a  cu rren t flow s n a tu ra lly  in  a  ferrom agnet[54, 21]. 
C rea tin g  a sp in  p o la rised  cu rren t in  a  non-m agne tic  m ateria l 
is m ore  difficult. A lso  necessary  is som e w ay  of de tec ting  o r 
m an ipu la ting  the re su ltan t sp in  p o larised  current.
H ere, the techniques relevant to sp in  injection an d  transport in  
sem iconductor-based 2DEGs are briefly  described.
Spin injection
A num ber of techniques have been  described to create a nonequi­
lib riu m  sp in  p o o p u la tio n  in  sem ico n d u c to r devices, in c lu d in g  
optical polarisation[32] an d  sp in  filtering[28, 79]. H ere, electrical 
sp in  injection is d iscussed , w h ich  is desirab le  for d e v ic e s ^ ] .  In  
th is  techn ique , a sp in  p o la rised  equilibrium  cu rren t is in jected  
from  a  m agnetic electrical contact in to  the  sem iconductor.
Ferrom agnetic contacts can provide this source of sp in  current. 
D irect sp in  injection from  ferrom agnets in to  2DEGS was originally 
proposed  in  1990(16], b u t show s only  sm all effects (~ 1%[24, 45]). 
This is d u e  to  th e  m ism atch  in  co n d u c tiv ity  b e tw een  th e  tw o 
m aterials [72].
2 .4  S U M M A R Y  OF E L E C T R O N  T R A N S P O R T
A  tu n n e l b a rrie r  b e tw een  th e  fe rro m ag n e t a n d  th e  sem icon­
d u c to r can  overcom e th is p rob lem . T his can  b e  created  u sin g  
th e  S cho ttky  b a rrie r fo rm ed  a t  th e  in terface b e tw een  the  tw o 
m ateria ls , o r a lte rna tive ly  by  p lac in g  a  th in  layer of in su la to r -  
o ften  M gO[94] -  b e tw een  them . T his becom es th e  d o m in a tin g  
resistance in  the system , and  rem oves the dependence of the spin 
in jection efficiency on  the relative resistances of the contact and  
sem iconductor. Injection efficiencies of 55% have been  achieved.
A ltern a tiv e ly  sem im agnetic  sem ico n d u c to rs cam be  u se d  as 
contacts, as th ey  have resistances co m parab le  w ith  th a t o f the  
sem iconductor in to  w hich  the sp in  is to be injected. Such m ateri­
als consist of sem iconductor lattices into w hich m agnetic ions are 
in c o rp o ra te d ^ ] .  Injection efficiencies as h igh  as 80% at 4-8K[88] 
have b een  achieved.
Spin dependent transport
A lth o u g h  it is possib le  to  p ro b e  th e  sp in  s ta te  o f th e  cu rren t in  
a sem ico n d u c to r u s in g  optical m ethods[cite], th is  is n o t often  
u sefu l for devices. Som e reg io n  w ith  sp in  d e p e n d e n t tran sp o rt 
p roperties is generally required. This is often done using  another 
m agnetic  layer. In  th is, th e  resistance is m u ch  low er for the sp in  
p o p u la tio n  a lig n ed  w ith  th e  m ag n etisa tio n  th an  for those sp ins 
an tialigned .
A  sim p le  device, therefore , can  consist of a  m agnetic  layer to 
inject the sp in  polarised  current, a sem iconducting  layer in  w hich 
th e  n o n eq u ilib riu m  sp in  p o p u la tio n  p ro p ag a tes , a n d  an o th er 
m agnetic  layer to  detect the po larisa tion  of the re su ltan t current.
Spin relaxation
O nce a  n o n -eq u ilib riu m  sp in  cu rren t h a s  b een  in jected  in to  the  
sem iconductor, the sp in  states relax tow ards the equilibrium . This 
re laxation  is characterised  b y  tw o differen t tim e scales. The spin 
relaxation tim e describes the change of the  pop u la tio n  of the tw o 
states tow ards equilibrium , an d  the spin decoherence tim e describes 
the loss of phase coherence in  an  initially  coherent superposition  
of q u an tu m  states.
Typical sp in  relaxation tim es in  G aA s/A lG aA s q u an tu m  wells 
are of the  o rder of 100ps[59].
2.4 SUMMARY OF ELECTRON TRANSPORT
In  th is  C hap ter, w e have d escribed  th e  fo rm a tio n  o f a 2DEG in  
a  p o ten tia l w ell c rea ted  a t  th e  b o u n d a ry  b e tw een  tw o  d ifferen t 
sem iconducto rs. S uch  a 2DEG h as  a lo n g  m ean  free p a th  (up
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to  «  lO^im), a  h ig h  m obility  (104 — 106cm 2V _1s _1) a n d  a  low  
carrier density  (1 — 5 x 1011 cm - 2 .
E lectron tra n sp o r t in  devices w ith  len g th  scales less th a n  the  
m ean  free p a th  is ballistic. T ranport is then  affected by  scattering 
from  the boundaries of the 2DEG an d  w eak localisation. Tansport 
th ro u g h  p o in t contacts is q u an tised  in  u n its  of e2/h .
The ap p lica tio n  o f a u n ifo rm  m agnetic  field n o rm a l to  th e  
2DEG resu lts  in  th e  q u an tisa tio n  o f th e  d en s ity  of s ta tes in to  
L andau  levels, the separation  of w hich  is field dependent. As the 
transport coefficients are a function  of the density  of states a t the 
Ferm i surface, the resistiv ity  of th e  2DEG exhibits m agneto resis­
tance oscillations as th e  field  is sw ep t a n d  L an d au  levels p ass  
th ro u g h  the Ferm i surface.
The app lica tion  of a field g ra d ie n t to  a 2DEG channel resu lts  
in  the  fo rm a tio n  o f sn ak e  o rb its  a long  the  zero-fie ld  line. This 
a re  tim e-asym m etric  s ta tes w h ich  p ro p o g a te  in  on e  d irec tio n  
only. C o u n terp ro p o g a tin g  electrons are  scattered  aw ay from  the 
zero-field line. The fo rm ation  of these states has im plications fro 
m ag n eto tran sp o rt in  the 2DEG 
A  sp in  po larised  cu rren t can  be injected in to  a sem iconducto r 
from  a ferrom agnetic  o r sem im agnetic  sem ico n d u c to r contact. 
The sp in  po larisa tion  th en  relaxes as the  cu rren t travels th ro u g h  
the  sem iconductor. A pplication  of a transverse m agnetic field to 
the  2DEG resu lts in  Z eem an  sp litting  of the energy  levels.
S A M P L E  F A B R I C A T I O N  A N D  E X P E R I M E N T A L  
T E C H N I Q U E S
To observe q u an tu m  tran sp o rt p h en o m en a  in  a sam ple , it is 
generally  necessary  for it to  be  sm all a n d  cold. Specifically, w e 
need  to ensure th a t the device has a sim ilar characteristic size to 
the m ean  free p a th  of the electrons in  the 2DEG, w hich  increases 
as tem perature decreases. To do  this, nano lithography techniques 
are  u sed  to fabricate the devices, an d  experim ents typically  take 
p lace a t liqu id  helium  tem p era tu res (a ro u n d  4 .2K or lower).
In this chapter, the experim ental m ethods used  to fabricate the 




L ith o g rap h y  is the  p rocess by  w h ich  a p a tte rn  is tran sfe rred  to  
the surface of a substrate. The sam ple is spin-coated w ith  a resist 
w h ich  is typ ically  a p o lym er in  a solvent, w h ich  d ries  to fo rm  a 
h ig h ly  crosslinked  struc tu re . Irrad ia tio n  by  th e  chosen  m eth o d  
decreases the  crosslink ing  a n d  so increases the  so lub ility  of the 
polym er. The p a tte rn  is th en  d ev e lo p ed  in  a su itab le  solvent, 
rem oving  exposed  areas. (A lternatively, a negative resist can be 
used , in  w hich exposed areas are reduced  in  solubility.) The resist 
ac ts as a m ask  for su b seq u en t steps, d efin in g  th e  a rea  o f the 
substra te  to be processed.
Two types of lith o g rap h y  w ere  u se d  to  fabricate th e  devices 
described  in  th is w ork.
Optical lithography
O ptical lithography uses electrom agnetic radiation, usually  from  
th e  U V  p a r t  o f th e  spec trum , to  irra d ia te  the  resist. To select 
specific areas for irrad ia tion , a physical m ask  w ith  a pre-defined  
transparency  p a tte rn  is used. This m ethod  allows the entire wafer 
to  be  exposed  a t  once, a llow ing  sw ift fab rication  o f la rge  or 
rep ea ted  s tructu res. The m ask  is u su a lly  fabricated  b y  electron  
b eam  lithography  (see below).
There are a num ber of different w ays of transfering the pa tte rn  
to  the  resist-coated  substra te . The m ask  m ay  b e  b ro u g h t in to
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con tac t w ith , o r close p ro x im ity  to, th e  su b stra te . This m eth o d  
is s im p le  b u t  suffers from  p o o r a lig n m en t a n d  m ask  d e g rad a ­
tion. A lternatively, a n u m b er of projection  system s are available. 
L enses o r m irro rs  a re  u sed  to  pro ject a  m ask  p a tte rn  o n to  the  
device. This gives the advantage of greater resolution, at the cost 
of increased  com plexity[52].
The re so lu tio n  o f an  op tical lith o g rap h y  system  is lim ited  
by  th e  w av elen g th  o f the  ligh t u sed . Successive gen era tio n s of 
devices have m oved  to  d eep e r a n d  d eep e r U V  ligh t, w ith  th e  
latest experim ental devices em ploying x-rays, an d  therefore being 
technically  d em an d in g . A n  alte rna tive  ap p ro ach  to  ex ten d  th e  
re so lu tio n  of a  sy stem  is to  u se  liq u id  im m ersio n  lithography , 
in  w h ich  the  optical system  is im m ersed  in  a liq u id  w ith  a h igh  
refractive index. L iquid im m ersion system s are curren tly  used  to 
m ake 6511111 pitch  feature sizes, and  3onm  pitch  features fabricated 
usin g  experim ental system s have been  rep o rted [85].
For the  devices described here, Shipley M icroposit S1813 posi­
tive resist w as used . E xposure w as by contact lithography, using  
U V  lig h t from  a  u n filte red  H g  v ap o u r lam p. S m allest fea tu re  
sizes achievable w ere a ro u n d  1 (im.
Electron beam lithography
Electron beam  lithography  uses a directed beam  of electrons, u su ­
ally from  the scanning beam  of an  electron m icroscope, to expose 
the resist. Polym ethylm ethacry late (PMMA) is usually  u sed  as a 
resist. This process is m u ch  slow er th an  optical lithography, b u t 
allow s significantly  sm aller featu res to  be defined. R esolu tion  is 
lim ited by beam  shape and  back-scattering of secondary  electrons 
from  th e  substrate[52]. (Secondary  electrons can  be  h e lp fu l for 
lift-off processes, by  creating  an  u n d ercu t profile.)
W ith careful choice of resist an d  inciden t electron  energy  it is 
possible to  w rite  features as sm all as 3 to 5nm , b u t practical lim its 
are defined by  developm ent of the resist an d  the process u sed  to 
then  transfer the p a tte rn  to the substrate. Isolated feature sizes of 
less th an  lo n m  an d  period ic structu res of p itch  3onm  have been  
p a tte rn ed  [92].
3.1.2 Deposition
D eposition  of m etals on  the surface of the  substra te  can be done 
b y  v ap o u r d eposition , in  w h ich  a h ea ted  m ateria l is ev aporated  
on to  th e  su b s tra te  in  a vacuum . The m etal is p laced  in  a b o a t 
o r crucible. E v ap o ra tio n  is ach ieved  e ith e r by  the  p ass in g  of a 
cu rren t th ro u g h  the boat, w hich is then  subject to  resistive heating, 
o r by  b o m b ard in g  th e  m ateria l w ith  an  electron  beam . E lectron
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beam  evaporation  has the advangtage of reducing contam ination 
from  the crucible, b u t is m ore com plicated  an d  can induce x-ray 
an d  ion  dam age in  the substra te  [47].
A lternatively, d ep o sitio n  can  b e  ca rried  o u t by  sp u tte rin g , in  
w h ich  th e  ta rg e t m ateria l is h e ld  a t a negative p o ten tia l an d  
bom barded  w ith  positive inert ions. Ejected atom s are condensed 
on to  th e  su b stra te , w h ich  is p laced  a t th e  anode . This m eth o d  
re su lts  in  slow er d ep o sitio n  a n d  b e tte r q u a lity  films. A  w id e r 
range of m ateria ls can  also be deposited .
A fter deposition, the resist an d  unw an ted  film are rem oved by 
a n  ap p ro p ria te  solvent. T his s tep  is a id ed  b y  an  u n d e rcu t resist 
profile, w hich  ensures a physical b reak  in  the deposited  film.
3.1.3 Ohmic contacts
Sem iconductors an d  m etals b o th  have b u lk  electrical p ro p erties  
w h ich  are good  approx im ations to  O h m 's  Law -  their resistance 
is indep en d en t of app lied  voltage. However, the contact betw een 
tw o  such  m ateria ls does n o t exh ib it these  p roperties . Instead , a 
Schottky contact is form ed, in  w hich charge carriers are depleted  
from  the surface of the sem iconductor, form ing a barrier layer[38]. 
To m ake useful devices, it is necessary to engineer ohm ic contacts 
betw een  the tw o m aterials.
To achieve this, AuNiGe layered s tru c tu re s^ , 81] are deposited  
o n  the top  surface of the A lG aA s/G aA s heterostructu re . This is 
then  annealed[8i] in  an  oxygenless environm ent at around  400°C. 
D u rin g  the  annealing  process, th e  h e te ro stru c tu re  is p en e tra ted  
b y  sp ikes from  th e  d ep o sited  layers. If th e  sp ikes reach  th e  h e t­
ero junction , th en  good  electrical contact betw een  the  m etal an d  
the  2DEG results. Exact characteristics d ep en d  o n  the p roperties 
of the 2DEG, an d  the size an d  areal d ensity  of the spikes[8].
In  the devices described here, a (bottom  up  -  ie grow th) recipe 
of G e 6 o n m A u 9o n m N i3o n m A u 2oonm  w as used . P rio r to  d eposition , 
th e  devices w ere  im m ersed  in  a  1:1 m ix tu re  o f H C 1 : H 2O  for 
30s to rem ove an y  surface ox ide layer. T he s tru c tu re  w as th en  
annealed  a t 400°C in  a h y d ro g e n /n itro g e n  atm osphere.
3.1.4 Etching
To destroy the 2DEG in  a region of the substrate, the heterostruc­
tu re  can be etched. Etching is the rem oval of the top layers of the 
h e tero stru c tu re , in  a reg ion  defin ed  by  lithography , to a certa in  
d ep th . In  A lG aA s/G aA s, rem oval of th e  s tru c tu re  d o w n  to  the  
h e tero junction  (a deep etch, fig. 11b) h a s  the  d esired  effect, b u t 
th is is no t essential. Rem oval of the top layers, particu larly  the Si
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Figure 1 1 . Processing of a semiconductor heterostructure to remove 
the 2 DEG. a) Shallow dry etching (straight sidewalls), b) 
Deep dry etching (straight sidewalls), c) Shallow wet etching 
(curved sidewalls), d) 2 DEG depletion by an electrostatic 
gate.
doped layer, will also deplete the 2DEG in the defined region (a 
shallow etch, fig. 11 a)[5, 89].
Etching can either be performed by immersing the sample in a 
liquid etchant -  wet etching -  or by bombardment with vapour or 
plasma reactants -  dry etching.
Wet etching
This is a chemical process, in which the sample to be etched is 
placed in an etch solution which reacts w ith the substrate. The 
rate of etching depends upon either the diffusion of reactants 
towards and away from the substrate (increased by agitation), 
or the reaction rate itself (increased by heating or an increase in 
reactant concentration)[47].
Wet etching is typically an isotropic process (although anisotro­
pic wet etchants are available for some substrates). It therefore 
results in an rounded etch profile (fig. 11c) which undercuts 
the resist and increases the w idth of the feature to be etched. It 
produces no damage to the sidewall beyond the etched area. This 
makes it, in general, suitable for the etching of larger features.
For the devices described in this thesis, an etch solution of 
H2O2: NH3: H2O in the ratio 1:1:50 was used. This resulted in 
an etch rate of approximately 1 Onms- 1.
b)
d)
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Dry etching
W hen  th e  e tch an t is in  th e  gas o r v a p o u r p h ase , th e  p rocess is 
te rm e d  d ry  etch ing . It h a s  a n u m b e r of ad v an tag es  over w et 
etching. T he e tch  is an iso trop ic , re su ltin g  in  no  u n d e rc u t a n d  
b e tte r contro l o f th e  d im en sio n  of th e  feature. (H ow ever, som e 
d am ag e  to  the  sidew alls of th e  e tch  can  resu lt, d ec reasin g  the  
2DEG m obility in  that region. A dam aged  layer u p  to 60n m  thick 
h a s  b een  observed [i3 ].) T here a re  n o  su rface ten sio n  p rob lem s, 
w hich , in  w e t etch ing , can  p rev en t e tch an ts  from  reach ing  the  
substrate.
The d ry  e tch ing  p rocess h as  tw o  co m ponen ts -  chem ical a n d  
physical. In  o u r case, d ry  e tch in g  uses a p lasm a to  d issociate  
the reactant gas an d  therefore form  highly  reactive radicals. This 
is te rm ed  R eactive Ion  E tch ing  (RIE). These reactive species are  
accelerated  to w ard s th e  su b s tra te  a n d  e ith er in d u ce  chem ical 
reactions or physically  rem ove layers from  the substrate[47].
To e tch  th e  A lG aA s/G aA s su b stra te  u sed  for the  dev ices d e ­
scribed  here, SiCU w as used . A  p la sm a  p o w er of 50W  re su lted  
in  an  etch ra te  of a ro u n d  1 OOnm p er m inute.
A nother use for p lasm a etching is the ashing of organic residue 
o n  the substrate . In  th is case, oxygen is used .
Depletion by an electrostatic gate
Regions of the 2DEG can also be dep leted  by the application of a 
negative vo ltage to  a n  overly ing  electrostatic gate. In  particu lar, 
th is  allow s th e  w id th  of a constriction  to  be  v aried  by  ap p ly in g  
differen t voltages.
3 . 2  EXPERIMENTAL TECHNIQUES
3.2.1 Low temperature techniques
To keep  dev ices a t low  tem p era tu res  d u rin g  electrical m easu re ­
m ents, tem pera tu re  controlled cryostats are u sed  (fig. 12). These 
essentially consist of a vacuum  jacket su rround ing  a ba th  of cryo- 
gen , u su a lly  e ith er liq u id  n itro g en  or liq u id  helium . If liq u id  
h e liu m  is u sed  th en  th is  b a th  m ay  b e  su rro u n d e d  by  a liq u id  
n itrogen  jacket. The cryogen is th en  either passed  th ro u g h  a heat 
exchanger in  close th e rm a l con tac t w ith  th e  sam ple , o r d irec tly  
over th e  sam ple. A  h ea te r on  the  sam p le  m o u n t allow s s tead y  
tem p era tu res above th a t of the cryogen.
Liquid H e4 has a boiling po in t of 4 .2K at atm ospheric pressure, 
m ak ing  this the low est achievable tem peratu re  w ith  this cryogen 
unless the p ressure in  the sam ple cham ber is reduced. This can be














Figure 1 2 . a) Schematic of a liquid helium temperature controlled 
cryostat. b) Schematic of a He3 cryostat tailpiece.
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done by p u m p in g  on  the sam ple space, an d  allow s tem peratures 
as low  as 1.3K to  be reached.
If tem p era tu res  low er th an  th is a re  req u ired , th en  H e3 can be 
u sed  (fig 12b). T his h as a b o iling  p o in t of 3 .2K a t a tm ospheric  
p ressu re , b u t re d u c in g  th e  p re ssu re  can  d ecrease  th is  to  0.3K. 
A  considerab ly  m ore com plicated  cryosta t (fig. 12b) is req u ired  
-  H e3 is expensive a n d  is re ta in ed  an d  recycled in  th e  sam ple  
cham ber. The gaseous H e3 is in itia lly  co n d en sed  b y  b rin g in g  
it  in to  th e rm a l contact w ith  a  p u m p e d  H e4 reserv o ir (the "IK  
pot", w h ich  h a s  a  tem p era tu re  of a ro u n d  1.3K. T he H e3 is th en  
p u m p e d  o n  b y  a sorb. This is a  m ateria l w h ich  ad so rb s H e3 
read ily  w h en  below  a certain  tem p era tu re , b u t  deso rb s  it above 
th a t p o in t. By low ering  the  tem p e ra tu re  o f th e  so rb  below  the  
critical point, the p ressure in the sam ple cham ber is reduced  and  
the  tem p era tu re  d ro p s to 0 .3K.
W hen  th e  H e3 is all ad so rb ed  o n to  th e  sorb , th e  tem p era tu re  
in  the sam ple space begins to rise. A t this po in t, the H e gas can 
be  recycled by  h ea tin g  th e  sorb , to  deso rb  it. It is once m o re  in  
contact w ith  the 1K pot, an d  so condenses. The cycle can then  be 
sta rted  again.
To app ly  a m agnetic field to the sam ple, a coil w rap p ed  around  
the sam ple  space is used . T here a re  som e advan tages in  using  a 
su p e rco n d u c tin g  coil for th is -  p o w er co n su m p tio n  is low er as 
resistance in  th e  coil is zero , a n d  th e  m agnetic  field  is steadier. 
N iob ium -tin  an d  n iob ium -titan ium  are often  u sed  for th is app li­
cation. However, a superconducto r h as  to  be cooled to  below  its 
transition  tem perature, usually  using  liquid  helium . Furtherm ore, 
there is a lim it to  how  strong a m agnetic field a superconducting  
coil can su p p o rt before the superconducting  critical field density  
is exceeded  -  if fields above a ro u n d  21T are  req u ired , e ith er a 
resistive o r h y b rid  m ag n et m u st be  used .
3.2.2 Electrical measurement techniques
To m easure  the m agnetoresistance of a sem iconducto r device, it 
is necessary to  pass a know n curren t th ro u g h  it w hile m easuring  
the potential d rop  across it. This can  be done by two-terminal mea­
surements, in  w hich  the potential difference is m easured  betw een 
th e  sam e contacts th a t inject th e  cu rren t. H ow ever, in  th is  case, 
a cu rren t is flow ing th ro u g h  the voltage contacts. Therefore the  
m easu red  po ten tia l d ro p  has a com ponen t from  the  contacts.
This problem  can be avoided by the use of four-terminal measure­
ments. If the voltage is m easured across tw o indep en d en t contacts 
to  the  sam ple, neg lig ible cu rren t w ill flow th ro u g h  these. T here 
w ill be no  po ten tial d ro p  across them , an d  the  m easu red  voltage
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w ill be across the  sam ple only.
In  the experim ents described  here, an  approx im ately  constan t 
cu rren t w as p assed  th o u g h  th e  sam p les  by  p u ttin g  a constan t 
voltage across the sam ple in  series w ith  a  resistance m uch  larger 
th a n  th e  sam ple  resistance. Series resistance va lu es of a ro u n d  
1 — 1OMG w ere used . Typical sam ple  resistances w ere less th an  
10kG.
The ap p lica tio n  of a co n stan t vo ltage re su lts  in  a co n stan t 
cu rren t -  it is a d.c. technique. D.c m easu rem en ts  are  necessary  
to  m easure  rectification in  a sam ple , b u t, in  general, a lte rna ting  
cu rren t (a.c.) techn iques a re  p referab le , in  o rd e r to increase the  
signal-noise ratio.
A. c. m easu rem en ts  involve th e  ap p lica tio n  of a vo ltage of a 
specific frequency, an d  the detection of a signal at that frequency. 
Selection of a  frequency  w h ich  is in  a  low -noise p a r t  o f th e  
sp ec tru m  en su res  th a t th e  m easu red  vo ltage is p red o m in an tly  
signal -  a large signal-no ise ra tio  is achieved. For exam ple , the  
presence of m ains loops in  m ost laboratories suggests that a lot of 
electrical no ise w ill be gen era ted  a ro u n d  50H z, an d  so this, an d  
m u ltip le s /s im p le  fractions of this, are frequencies to be avoided.
In the experim ents described here, a cu rren t w as passed  th rough  
the sam ple using  either the voltage o u tp u t of a EG&G 5210 lock- 
in  am plifier in  series w ith  a la rge  («  IM G ) resistance (for a.c. 
m easu rem en ts), o r a K eith ley  220 cu rren t source  (for d.c. m ea­
surem ents). T he re su ltin g  signal vo ltage w as p assed  th ro u g h  a 
pre-am plifier, w hich  p ro v id ed  a gain  of 10-100. This voltage w as 
then  read  by the lock-in an d  passed  to a  K eithley 199 m ultim eter 
for GPIB read o u t (a.c), or read  directly  by the Keithley 199 (d.c.). 
GPIB in stru m en ts w ere contro lled  a n d  read  usin g  a PC ru n n in g  
Lab VTEW.
LED illu m in a tio n  w as p ro v id ed  by  a  b u rs t cu rren t source. A  
Oxford Instrum ents ITC tem peratu re  controller w as connected to 
the therm om eter an d  h ea te r inside the  sam ple  space.
A  d iag ram  of th e  exp e rim en ta l con figu ra tion  is sh o w n  in  fig. 
13-
3.2.3 Microwave irradiation
M icrowave irrad ia tion  of a sam ple w as achieved using  a cryostat 
in sert w ith  a c ircu lar cross-section  m illim etre-scale w avegu ide 
p assing  d o w n  the m id d le  of it.
A  back w ard s w ave oscillator w as u se d  to  gen era te  th e  m i­
crow aves. In  these, an  e lec tron  b eam  from  a ca th o d e  is p assed  
th ro u g h  a slow -w ave s tru c tu re . The re su ltan t m icrow aves are 
extracted  near the  cathode. The frequency  d ep en d s on  the accel-
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-  Magnet controller/ Temperature
power supply controller
Figure 1 3 . Experimental set-up used for the results presented in this 
Thesis. A.c measurements were performed using a EG&G 
5 2 1 0  lock-in amplifier coupled to a pre-amplifier. D.c mea­
surements did not require the lock-in amplifier. The signal 
voltage was passed to a Keithley 1 9 9  multimeter for GPIB 
read-out. For current sweeps the Keithley 2 2 0  current source 
was controlled by the PC using GPIB, while the field sweeps 
were controlled via the Oxford Instruments magnet con­
troller. Independent of the measurement electronics was the 
temperature controller and the LED current source.
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erating  voltage.
M icrow ave a tten u a tio n  w as p e rfo rm ed  u s in g  a ro ta ry  vane  
attenuator. These typically consist of three sections of w aveguide, 
w h ich  have th in  dielectric film s m o u n ted  along their axis. These 
ac t to  po larise  th e  m icrow ave rad ia tion . The m id d le  sec tion  is 
free to rotate, and , in conjuction w ith  the o ther tw o sections, acts 
as a crossed polariser. The deg ree  of a tten u a tio n  d ep e n d s  u p o n  
the angle betw een  the sections.
R adiative p o w er can  be  m easu red  as pow er re la tive to  1 m W  
(dBm). P ow er is th en  g iven  as PdBm =  101o g 10(Pmw)- T his is 
therefore an  absolu te  pow er m easure.
3.3 MAGNETISED STRIPES
To im pose a transverse field grad ien t on the 2DEGs in  o u r devices, 
long th in  dysprosium  stripes w ere m agnetised transverse to  their 
axis. A discussion of the natu re  of the m agnetisation process and  
the stray  field resu ltin g  from  such  structu res is now  presen ted .
3.3.1 Magnetisation process in ferromagnetic stripes
D ysprosium  is a ferrom agnet, w ith  a Curie tem peratu re of 95K. It 
has a sa tu ra tion  m agnetisation  of 3 .67T. A lthough  bu lk  (i.e. w ith  
an  aspect ra tio  of a ro u n d  1) dysp rosium  w ill reach  sa tu ra tio n  in  
an  applied  field of aro u n d  2TI19], the h igh  shape anisotropy th a t 
characterises th e  m agetic  s trip es  in  these  devices re su lted  in  a 
m uch  h igher ap p lied  field a t sa tu ra tion  m agnetisation.
Typically, th e  s trip es  w ere  ab o u t 200nm  in  w id th  a n d  d ep th , 
an d  a ro u n d  10 p m  to  30 pm  long. T hey therefo re  h a d  an  aspect 
ra tio  of ab o u t 100, w h ich  lead s  to  a h ig h  d em ag n e tis in g  field  
w h en  m agnetised  in  the  transverse direction.
We can  a tte m p t to  calcu late  a n  ap p ro x im a te  v a lu e  for th e  
m agnetic  field  n e e d e d  to  fu lly  m agnetise  a typ ical d y sp ro s iu m  
stripe. We n eed  to  a p p ly  a  field larger th an  th e  d em ag n e tis in g  
field, H d . In  S.I. u n its
H d =  N M S, (3.1)
w here  M s is the  sa tu ra tion  m agnetisation. The dem agnetising  
factor in  th e  tran sv e rse  d irec tio n  for o u r s tru c tu re  is close to  1. 
We therefore calculate a value for poH d of 4 .63T.
This is an  es tim ate  for th e  m in im u m  v alue  for d y sp ro s iu m  
w ires of this shape. In  fact, the actual value is likely to be greater 
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F ig u re  14 . H a ll  m e a su r e m e n ts  o n  a  n a r r o w  (2 0 0 n m ) d y s p r o s iu m  str ip e , 
s h o w in g  th e  m a g n e t isa t io n  c u r v e  w it h  th e  f ie ld  a p p lie d  n o r­
m a l to  th e  2D E G  (a n d  th e r efo r e  p e r p e n d ic u la r  to  th e  str ip e). 
T h e a c tiv e  area  o f  th e  H a ll p r o b e  w a s  2 p m  b y  2 p m . T h e  fie ld  
w a s  a p p lie d  in  th e  p la n e  o f  th e  2D E G  a n d  p e r p e n d ic u la r  to  
th e  str ip e .
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F ig u r e  15 . T r a n sv e r se  m a g n e t is a t io n  c u r v e  fo r  a n a r r o w  d y s p r o s iu m  
str ip e .
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Sim ilarly, the  s trip e  w o u ld  be  expected  to be m ad e  u p  of a 
s ingle dom ain , as th e  ex ch an g e  energy  sto red  in  th e  d o m ain  
w all w o u ld  ten d  to  m ake su ch  a configuration  energetica lly  u n ­
favourable.
E xperim ental m easu rem en ts  of the m agnetisa tion  curve for a 
th in  s trip e  d ep o sited  o n  a  H a ll p ro b e  m ad e  from  an  A lG aA S / - 
GaAs heterostructu re are  sh o w n  in  figs 14 an d  15. Fig. 14 show s 
the H all curve for a 200n m  w id e  stripe deposited  on  an  A lG aA s/- 
G aA s H all bar. The active a rea  of th e  H all p ro b e  w as  2 pm  by  
2 pm.
In this configuration, the stray  field from  the stripe lies m ostly  
w ith in  the channel of the H all bar. The average field in  the bar is 
therefo re m u ch  sm aller th a n  th e  field d irec tly  below  the  stripe, 
b u t a sufficient p ro p o r tio n  o f the  field  profile  lies o u ts id e  the  
active area  to en su re  th a t  a  m ag n etisa tio n  cu rve is observed . 
Furtherm ore, this p roportion  is independen t of the m agnetisation 
of the stripe.
Fig. 15 has the slope d u e  to  the applied  field rem oved. It is also 
norm alised to 3 .67T, the sa tu ra tio n  m agnetisation of dysprosium . 
It is th is  m agnetisa tion  cu rv e  th a t w e u se  for ana lysis of resu lts  
d iscussed  in  the su b seq u en t chapters.
3.3.2 Magnetic field profile beneath magnetised stripes
The m agnetisa tion  of a fe rrom agnetic  s tripe  dep o sited  on  a h e t­
e ro s tru c tu re  resu lts  in  a  m o d u la tio n  o f th e  ap p lied  field  a t  the  
level of the  2DEG. T he tw o-d im ensional n a tu re  o f th e  shee t of 
electrons m eans w e on ly  n eed  to consider the com ponen t of the 
field  p e rp en d icu la r to th e  2DEG, w h ich  w e lable Bz. For an  in ­
fin itely  long stripe  of h e ig h t 2c, w id th  2 a  an d  m agnetisa tion  M , 
the  field com ponen t a d is tan ce  z below  th e  m id d le  of the stripe  
is g iven by
M  /  / x  +  a \  ( x — a
Bz =  —  arctan  -------  — arctan  -------
27tV \ z  — c j  U - c ,
x /  x x  (3-2), x +  a \  ( x  — a
arctan    — arctan
z +  c J  \ z  —c
for m agnetisation  parallel to  the 2DEG, an d
_  M. /  / (z +  c)2 4- ( x - a ) 2 _  I (z +  c)2 +  (x +  a )2 \  
z I n  \ ]j (z — c)2 +  (x -  a ) 2 y (z -  c)2 +  (x +  a ) 2 J
(3 -3)
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for m agnetisation  norm al to the 2DEG. This geom etry  an d  the 
field profile for these tw o cases is show n  in  fig. 16. N o te  that, in  
the case of parallel m agnetisation, the average field in  the region 
im m edia tely  b en eath  the stripe  is zero.
Two useful approxim ations to  these field profiles can be m ade 
(fig. 17). In  the first of these, w e approx im ate  reg ions of positive 
an d  negative field w ith  constant functions of m agn itude M i and  
M2. This is the  step function approximation, a n d  h a s  th e  usefu l 
fea tu re  th a t th e  cyclotron ra d iu s  in  each  area  is constan t. This 
approxim ation  therefore allow s easy analysis of ballistic electron 
trajectories if a sem i-classical m odel is used .
If th e  m agnetic  s tru c tu re  h as  b een  m ag n e tised  by  a n  ap p lied  
field  p e rp en d icu la r  to  the  2DEG, Bapp, th en  th e  field  values in  
these regions w ill be the sum  of Bapp and  M i,2. These values will 
th en  n o t necessarily  be of opposite  sign.
A lternatively, w e can  approx im ate  the  field profile to a line of 
constan t g rad ien t. This linear approximation is particu la rly  useful 
for th e  field u n d e r  a s trip e  m ag n e tised  p ara lle l to  th e  p lane. It 
lead s  to  a m ore  accura te  analysis o f e lec tron  o rb its  confined  to 
the  zero  field line.
For the sake of clarity, the nom enclature u sed  w h en  describing 
electrons in  field grad ien ts w ith  a B =  0 line in  the m idd le of the 
channel is now  set out. A n  electron travelling along  the  channel 
in  the  d irec tio n  su ch  th a t th e  L oren tz  force confines it to  the  
m id d le  o f the  ch an n el is d esc rib ed  as travelling  in  th e  positive 
direction. Conversely, an  electron travelling so it w ould  be forced 
to  the edges of the  channel is travelling  in  the negative d irection.
N o te  th a t a reversal of th e  m ag n e tisa tio n  o f th e  s trip e  sw ap s 
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Figure 1 6 . a) Exact form of the field beneath a stripe magnetised per­
pendicular to the 2 DEG. b) Exact form of the field beneath 
a stripe magnetised parallel to the 2 DEG. Both plots are for 
a lOOnm deep and 180nm wide magnetic stripe, with the 


































Figure 1 7 . a) Step approximation for the field beneath a stripe magne­
tised perpendicular to the 2 DEG. b) Step and linear approxi­
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3.4 S U M M A R Y  OF E X P E R IM E N T A L  M E T H O D S
3 4  SUMMARY OF EXPERIMENTAL METHODS
Devices w ere fabricated using electron beam  an d  optical lithogra­
phy. W et an d  d ry  e tch ing  w as u sed  to  rem ove reg ions of 2DEG, 
a n d  th e rm a l ev ap o ra tio n  to  d ep o sit reg ions o f m etals. T his a l­
low ed fabrication of features d o w n  to 1 OOnm in  size.
The devices w ere then  cooled to 0 .3K using  H e3, o r 4 .2K using  
H e4. This reduced  electron scattering from  therm al phonons, and  
increased  th e  m ean  free p a th . A p p lica tio n  o f fields u p  to  13T 
w as p e rfo rm ed  u s in g  a su p e rco n d u c tin g  coil. T his w as u y sed  
to  m agnetise  n an o m ag n e tic  s tru c tu re s  o n  the  h e te ro stru c tu re , 
resulting  in  the im position of a non-uniform  Bz at the level of the 
2DEG.
Electrical m easu rem en ts  w ere  g enerally  d o n e  u s in g  in d ep en ­
d en t vo ltage a n d  cu rren t con tacts - a fou r p o in t m easu rem en t. 
This h as  the  ad v an tag e  of rem oving  contact resistance from  the  
m easurem ents. IV curves w ere necessarily  tak en  usin g  d.c. tech­
niques, b u t a.c. techniques w ere used  if possible d u e  to  the resu l­
tan t reduced  noise.
R E C T I F I C A T I O N  I N  M A G N E T I C  C O N F I N I N G  
P O T E N T I A L
P rev ious ex p erim en ts[43, 29] have sh o w n  ev idence of asym m et­
ric m agneto resistance  in  a  tran sv e rse  field in  channels w ith  a 
long itud inal ferrom agnetic s tripe  overlaying them . The m agneti­
sa tio n  of the  s trip e  re su lts  in  a s teep  g ra d ie n t in  Bz across the  
channel. The asym m etric behav iour can be intuitively understood  
in  te rm s of the  fo rm ation  o f sn ak e  o rb its  by  electrons travelling  
in  one d irec tio n  o n ly  in  th e  channel. It h as  b een  m od elled  in  
m o re  de ta il in  te rm s o f th e  co n trib u tio n  by  snake o rb its  to  the  
conductance[29] an d  in teractions w ith  p h o n o n s in  the asym m et­
ric confining p o te n t i a l^ ] .
T hese s tu d ies  u sed  channels  w ith  typ ical w id th s  of a ro u n d  
2 |xm. In  the w ork  p resen ted  here, a  m uch  narrow er channel, w ith  
a w id th  o f a ro u n d  200nm , w as u sed . T he in ten tio n  o f th is w as 
to concen tra te  o n  those  o rb its  m o st tig h tly  confined  to  th e  zero  
field  line, a n d  so rem ove a n y  b ack g ro u n d  co n trib u tio n  to  the  
conductance from  m agnetoe lectric  states. The m agneto resistive 
an d  H all behav iour of such q u as i-iD  w ires has been  observed to 
be d ifferen t from  the 2D b eh av io u r[69].
In  th e  fo llow ing  d iscussion , stripe is u sed  to  describe a  long, 
very narrow  ferrom agnetic structure. A region of heterostructure 
designed and  defined in  o rder to carry  a curren t along a particular 
axis is term ed a channel, an d  the com bination of the tw o is called 
a wire.
4.1 LITERATURE REVIEW
N o g a re t et al[ 1] m easu red  th e  m agneto resistance  of 2 |im  w id e  
channels w ith  500nm  w ide stripes superim posed , m ade of either 
Fe o r Ni. The p erp en d icu la r ap p lied  field w as sw ept betw een IT  
a n d  —IT  a n d  a  n u m b er o f d iffe ren t g ate  vo ltages app lied . This 
resu lted  in  a Bz field profile w ith  tw o zero  field lines.
A  p eak  in  th e  m ag n eto resis tan ce  w as observed  a t 32m T for 
the  Fe s tru c tu res  a n d  13m T for th e  N i structu res. The p eak  w as 
in d e p e n d e n t of g a te  voltage, su g g estin g  th a t it is en tire ly  d u e  
to the m agnetic m odu lation . The resu lts are w ell described  by a 
drift-d iffusion  m odel.
This system  w as fu rth e r ex p lo red  by  L aw ton  et al, w h o  u sed  
stripes of Ni, Fe an d  Dy. M aterial dependen t peaks in the m agne-
49
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toresistance w ere observed, w ith  the peaks being at h ighest fields 
for D y an d  low est fields for N i. To confirm  th a t the  peaks origni- 
ate  in  the field m o d u la tio n  d u e  to  the  stripe, the  tem p era tu re  of 
the  D y device w as ra ised  above its C urie  tem p era tu re  to destroy  
its ferrom agnetism . This quenched  the  peaks.
K u b rak  et al[41, 42] in v estig a ted  tran sp o rt p e rp en d icu la r  to  
a m agnetic  field  g ra d ie n t by  d ep o sitin g  b o th  s trip es  a n d  film s 
across a n a rro w  constric tion  in  a 2DEG channel. T hese w ere 
then  m agnetised b o th  transversely an d  perpendicularly , resulting  
in  d iffe ren t sh ap e d  m agnetic  barriers . The m agneto resistance  
of these  devices w as exp la ined  in  te rm s of ballistic  tran sp o rt 
th ro u g h  the  barrier.
H ara  et cd{ig\ u sed  a transversely  m agnetised  Co stripe. It w as 
500n m  w ide an d  75nm  deep , an d  positioned  over the centre of a 
1.5 p m / 1.8pm  w ide channel. The device w as m ade in  such a w ay 
th a t th e  m ag n e tisa tio n  sta te  o f th e  Co w ire  co u ld  b e  p ro b ed  by  
electrical tran sp o rt m easurem ents. The m agnetic field w as sw ept 
betw een  IT  a n d  —IT.
D.c m agnetoresistance m easurem ents w ere m ade u n d er differ­
en t bias conditions. Their results are show n in  fig. 18a. Switching 
of the  field  o r th e  cu rren t h a d  a  sim ilar effect of th e  d ifferen­
tial resitance. T his resu lts  w as ascribed  to  tra n sp o rt in  snake 
states affecting the am ount of e-e an d  b oundary  scattering events 
experienced by coun ter-p ropogating  electrons.
G rabecki et al[27] used  a slightly  different m icrom agnet config­
u ra tio n  to  exert a field  g rad ien t o n  the  channel in  th e ir devices. 
Two ferrom agnetic layers w ere deposited  e ither side of the chan­
nel an d  then  transversely m agnetised, resulting  in  a field grad ien t 
in  the region betw een  them . The channel w id th  w as around  1 pm.
T he b e n d  resistance  of th e  channel w as m easu red  be tw een  
ap p lied  field  v a lu es  of 2 .5T an d  —2 .5T. R esu lts a re  sh o w n  in  
fig. 18b, a n d  w ere  exp la ined  w ell by  a  sem iclassical m o d el in  
w hich  the  electrons are considered to p ropoga te  ballistically in a 
m agnetically  m o d u la ted  billiard.
Theoretical stud ies of electron transport in  field gradients have 
b een  d o n e  b y  M iiller[55], a n d  R eijniers a n d  Peeters[64]. M uller 
described the effect on  the energy bands and  charge densities, and  
de term ined  th a t the electron tran sp o rt in  these system s becom es 
q u as i-iD . R eijniers a n d  P eeters confirm  th is by  ana lysis of the  
energy  sp ec tru m  of the system .
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Figure 18. a) Differential in-plane magnetoresistance of a channel mod­
ulated by a cobalt stripe at different currents. From Hara et 
al[29]. b) Bend resistance as a function of in-plane magnetic 
field around 0T for a channel with lateral ferromagnets. Inset 
shows high field data. From Grabecki et al[27].
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In  o rd e r to  concen tra te  o n  th o se  e lec tron  o rb its  sub ject to  the  
m agnetic  field g rad ien t, devices w ith  a very  n arro w  conducting  
channel w ere  fabricated  (fig. 19). Such devices w o u ld  explore a 
d iffe ren t reg im e th an  those d escribed  above, w ith  a larger field 
g rad ien t an d  quasi-iD  transport. U sing the techniques described 
in  C hapter 3, a H all channel 2 pm  w ide w as fabricated, an d  Ohmic 
contacts ad d e d  to  serve as cu rren t a n d  voltage p robes. A  stripe  
of nom inal w id th  180nm  w as then  defined using EBL an d  i5onm  
of D y w as therm ally  evaporated .
This stripe w as then  used  as an  etch m ask  for a fu rther stage of 
etching. This tim e, a d ry  e tch  w as p erfo rm ed  by  RIE. Resist w as 
used  to m ask the contacts to the channel, to  preserve the 2DEG in 
these  reg ions. This re su lted  in  a n a rro w  channel app rox im ate ly  
th e  sam e w id th  as th e  fe rrom agnetic  stripe . (S idew all d am ag e 
d u rin g  th e  e tch  p ro b ab ly  p ro d u c e d  a channel w ith  a  s ligh tly  
sm aller effective w id th  th an  the  stripe.)
The length  of the ferrom agnetic stripe w as 36pm , an d  the d ep th  
of th e  h e tero ju n ctio n  b en ea th  the  sem ico n d u c to r su rface  w as 
30nm . Contacts w ere spaced along the length  of the w ire such that 
channel len g th s  o f 2 pm , 4 pm , 8pm  a n d  16pm  cou ld  b e  p ro b ed . 
The sam p le  layou t a n d  th e  labelling  schem e for th e  contacts is 
show n in  fig 20. N ot all contacts w ere Ohm ic u p o n  cooling dow n 
of th e  device, w h ich  so m ew h a t lim ited  th e  m easu rem en ts  th a t 
cou ld  be perfo rm ed .
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Figure 19. a) Schematic perspective view of the narrow channel device,
b) Optical micrograph of the device.
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Figure 2 0 . Schematic of the narrow channel sample used, including the 
labelling scheme for the contacts.
4.3 EXPERIMENTS
The sample was mounted on a rotation stage and cooled to 0.3K 
using a pum ped 3He cryostat. It was then briefly illuminated 
w ith a red LED, to excite some carriers from the DX centres, 
but not all. Illumination in very brief steps allows rudim entary 
control over the electron density in the 2DEG. Magnetic fields 
were applied using a superconducting magnet.
4.3.1 Field applied parallel to sample
The sample was accurately levelled by sweeping the field and 
m easuring the Hall voltage under the stripe. W hen the applied 
field was parallel to the 2DEG, the Hall voltage should be approx­
imately zero for all values of H. This is because neither of the 
components of the field perpendicular to the 2DEG contribute 
to Vh ; the com ponent of the norm al field due to H is zero, and 
the component due to the stray field from the stripe is symmetric 
about the centre of the Hall channel, and averages to zero over 
the width of the channel (see section 3.3.2). It therefore also does 
not contribute to the Hall voltage[58], although the situation for 
an asymmetric flux distribution is more complicated[6].
The Vh curves do, in fact, show some structure, bu t levelling 
was achieved by ensuring the Hall curve was symmetric around 
H =  0.
M agnetoresistance m easurem ents were m ade over 2(om and 
16 pm channel lengths, and IV characteristic m easured over a 
2 pm channel length.










Figure 2 1 . Contact configuration for probing both sides of the narrow 
channel device simultaneously.
4.3.2 Field applied perpendicular to sample
The sample was also orientated so that the applied field was 
normal to the plane of the 2DEG. This time, the correct orientation 
of the sample was ensured by maximising the Hall voltage for a 
fixed applied field. As the component of the field normal to the 
plane is given by Hsin0, maximising this ensures 0 =  90°.
Magnetoresistance measurements were first made to determine 
the Shubnikov-de Haas period. Using equation 2.32 the period 
of these oscillations can be linked to the electron density in the 
2DEG, and so to the Fermi energy and wavevector.
Subsequent m easurem ents in this sample orientation were 
made to both sides of the channel simultaneously, using opposing 
pairs of contacts. Specifically, contacts 14 and 8 were used to probe 
one side of the channel, and contacts 20 and 23 the other. Current 
was injected between contacts 18 and 2. This geometry is shown 
schematically in fig. 21.
This m ethod was used to sim ultanously probe two regions 
w ith opposite magnetic field gradients. The m ain requirem ent 
for the approach to be appropriate was that contacts on one side 
of the channel were coupled significantly more strongly to orbits 
confined to that side of the channel. This assumption is discussed 
further in section 4.5.3.
Measurements were also made injecting a current from contact 
18 to contact 12 and m easuring the resultant voltage using the 
same contacts as above.
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F ig u r e  2 2 . L o n g itu d in a l  r e s is ta n c e  m e a s u r e m e n ts  o n  n a r r o w  c h a n n e l  
d e v ic e s  o v e r  a c h a n n e l  le n g t h  o f  2  p m . T h e  f ie ld  w a s  a p ­
p l ie d  p e r p e n d ic u la r  to  th e  2 D E G , a n d  S h u b n ik o v -d e  H a a s  
o sc illa t io n s  are clear. T =  0.3K .
4.4 RESULTS
M agnetoresistance m easu rem en ts  b e tw een  —2T a n d  2T, sh o w ­
ing  S hubn ikov-de H aas oscillations, a re  sh o w n  in  fig. 22. The 
frequency  of these oscillations is u sed  to d e te rm in e  the  electron 
density  an d  Ferm i energy  in  section 4.5.1.
IV cu rves are  p lo tted  in  fig. 23 for a  channel len g th  of 2 pm . 
C urves are  show n  for ap p lied  fields of ± 12T a n d  OT.
C om parisons can be m ade betw een the curves for the th ree field 
values in  d iffe ren t field  regim es. T he d a ta  for poH =  OT show  
th e  low est vo ltage, an d  hence th e  low est resistance, in  all field 
regimes. The o rdering  of the resistance values for poH =  ± 12T is 
sw apped  over for positive an d  negative fields. The d a ta  therefore 
show  rectification-like b eh av io u r d ep e n d en t u p o n  ap p lied  field 
direction.
These resu lts also suggest a positive, b u t  asym m etric, m agne­
toresistance. T here is also som e in h eren t rectification  v isib le in  
the poH =  0 curve.
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Figure 2 3 . IV measurements of narrow channel device, over 2 pm.
Curves for poH =  ±12T and OT are shown. The current 
was injected betwen contacts 1 8  and 2  and voltage measured 
between contacts 1 4  and 1 2 . The field was applied parallel 
to the 2 DEG. T =  0.3K.
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F ig u r e  2 4 . D .c  m a g n e to r e s is ta n c e  m e a s u r e m e n ts  o f  n a r r o w  c h a n n e l  
d e v ic e ,  o v e r  c h a n n e l  le n g t h s  o f  2  p m  a n d  16 p m . A  c u r r e n t  
o f  2.5  p A  w a s  in je c te d  b e tw e n  c o n ta c ts  18  a n d  2  a n d  v o lta g e  
m e a s u r e d  b e t w e e n  c o n ta c ts  14  a n d  12  a n d  c o n ta c ts  23  a n d  
24  r e sp e c t iv e ly . T =  0.3K .
fig. 24 for 2 pm  a n d  16 pm  channel lengths. For b o th  sets of data , 
resistance is close to  o r a t its m in im u m  value a t an  ap p lied  field 
of poH =  OT. It increases m o re  ra p id ly  for fields ap p lied  in  th e  
positive direction th an  for those applied  in  the negative direction. 
T herefore, th is  confirm s th a t th e  m agneto resistance  is positive  
an d  asym m etric.
The d eg ree  of a sy m m etry  is g rea ter in  the  d a ta  for the  16 pm  
channel length . In d eed , th e  resistance a t nega tive  ap p lied  field 
changes little.
The sam p le  w as th en  ro ta ted  so the  ap p lied  field  w as p e r­
pend icu la r to th e  2DEG. M agnetoresistance m easurem ents w ere 
m ade on  b o th  sides of the channel. The cu rren t w as passed  from  
contact 18 to contact 2, an d  the  poten tial m easured  betw een  con­
tacts 14 an d  8, a n d  contacts 20 a n d  23. Fig. 25 show s these  da ta , 
w ith  a  fu ll field  sw eep  (bo th  u p  a n d  dow n) b e tw een  — 12T to 
+ 12T show n.
The p o la rity  o f th e  cu rre n t w as th en  reversed , a n d  an o th er 
field sw eep perform ed. The results are p lo tted  in  fig. 26. In  these














-12 12■8 4 0 4 8
Applied field (T)
Figure 2 5 . D.c. magnetoresistance measurements on both sides of the 
channel for a perpendicular applied field. A current of 2 .5 PA 
was passed from contact 1 8  to contact 2 . T =  0.3K.
two plots there are a number of common features. In both cases, 
the resistance at poH =  OT is the same in both the left and right 
side of the channel. The two are different at non-zero applied 
fields, and of different signs for positive and negative fields. The 
difference between the sides of the channels is analysed at greater 
length in section 4.5.3.
As well as the difference between the sides of the channel, 
oscillatory features are present in the individual data sets. This 
is particularly so below about poH =  7T -  above this field oscil­
lations decrease markedly. Oscillations are larger in the data for 
positive currents.
With the sample still in the perpendicular orientation, IV mea­
surem ents were made. The current was swept from — 2.5 pA to 
+ 2.5 pA at applied field values of poH =  — 12T, poH =  OT and 
PoH =  + 12T. The data are plotted in fig. 27.
We first note that the IV curves for the different sides of the 
channel for poH =  OT are the same. This confirms that resistance 
differences are a magnetic effect.
In the plots for poH =  ± 12T, resistance ordering of the channels 
depends upon the polarity of the current and the direction of the
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Figure 2 6 . D.c magnetoresistance measurements on both sides of the 
channel for a perpendicular applied field. A current of 2 .5 pA 
was passed from contact 2  to contact 1 8  (the opposite polarity 
than for the reults shown in fig. 2 5 . T =  0.3K.
applied field -  reversing either will reverse the ordering. However, 
reversal of the current does not result in the same m agnitude 
of resistance difference -  there is some asymm etry in the IV 
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Figure 2 7 . IV measurements on both sides of the channel for a per­
pendicular applied field. Plots are shown for applied field 
values poH =  12T (top) poH =  OT (middle) and pqH =  -12T  
(bottom).
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4 . 5  A N A L Y S I S
4.5.1 Device characterisation
The frequency  of the  S hubnikov-de H aas oscillations, w h ich  are 
sh o w n  in  fig. 22, can  b e  u sed  to  d e te rm in e  th e  e lec tron  d en sity  
in  the 2DEG. From  equation  2.32, the  oscillations are periodic in  
1 /B . P lo tting  values of 1 /B  for successive resistance m in im a (fig. 
28) gives a s tra igh t line of g rad ien t
(4 .!)
h  Tig
In  th is  case, gs =  2 a n d  gv =  1. The g rad ien t is fo u n d  to  be  
0 .157T - 1 , an d  so we determ ine a value of n s =  3.38 x 101 ^ m -2  
for th e  e lectron  d en s ity  a n d  kp =  1.46 x 106cm _1 for the  Ferm i 
wavevector.
From  equa tion  2.11, the Ferm i energy  is therefore Ep =  1.93 x 
1CT21J =  12.1meV.
4.5.2 Theoretical model o f channel conductance -  transverse stripe 
magnetisation
We seek  to  ex p la in  the  observed  positive  b u t asym m etric  longi­
tu d in a l m agneto resistance  o f the  channel, as p lo tte d  in  fig. 24. 
We have developed  a m odel based  on  calculating  the n u m b er of 
available conduction  channels in  th e  potential.
Modelling o f magnetically modulated channel
L andauer theory  (as discussed in  detail in  section 2.3.4) describes 
th e  conductance of a  n a rro w  channel in  te rm s o f the  transverse 
m odes p resen t in  the  channel. For the calculation of the  n um ber 
of m odes, the  channel is generally  assu m ed  to  take  the  fo rm  
of a sq u are  p o ten tia l w ell, b u t  th is  n eed  n o t necessarily  b e  the 
case. In  this m odel, we consider the num ber of m odes in  a 2DEG 
region in  w hich the potential has a com ponent from  channel and 
a com ponent from  a m agnetic field grad ien t.
For this analysis, the m agnetic field is approxim ated  to a linear 
form , as described in  section 3.3.2. The p erpend icu lar p a r t of the 
field is g iven by
B z =  B i y .  (4 .2 )
The H am ilton ian  of the system  is g iven by
(t-i) g/i









Figure 28. Shubnikov-de Haas minima for the narrow channel devices 
plotted against 1 /B. The x-axis is the index N in equation 
2.32.
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(4-3)
w h ere  p  is th e  canonical m o m en tu m  o p era to r a n d  A is the  
vector poten tial, defined  by  B =  V  x A [39]. By selecting
an d  setting  p  =  h k X/ the m agnetic poten tial [55] is show n to be 
of the form
This is show n  in  fig. 29 for positive an d  negative values of kx
channel, w h ich  is rep resen ted  in  th is  m odel b y  a  sq u are  well[5]. 
T his com bined  p o ten tia l from  th e  channel a n d  th e  m agnetic  
field  g rad ien t is sh o w n  in  fig. 30. T he p o ten tia l is p lo tted  for 
=  5 x 106T m -1 a n d B i =  - 5  x 106Tm  \
The tw o p o ten tia ls  p lo tte d  in  fig. 30 are  also  for kx =  ±kp , 
as w ell as opposite  field g rad ien t. Therefore electrons travelling 
in  the  positive  a n d  nega tive  d irec tions experience a  d ifferen t 
environm ent, an d  sw apping  the direction  of the curren t is sim ilar 
to  chang ing  the  p o la rity  of th e  field  g rad ien t. This co rresp o n d s 
closely w ith  the  sem iclassical o rbits, w ith  electrons travelling  in  
the  positive d irec tion  channeled  in  snake orbits along  the B =  0 
line, a n d  negative-go ing  e lec trons travelling  in  sk ip p in g  orb its 
along the edge of the channel.
Each potential is relocated so the m in im um  potential at V(x) =  
0, a n d  the transverse  m o d es in  each  p o ten tia l can  be  calcu lated  
by solving the one-d im ensional Schrodinger equation ,
The eigenfunctions in  the  po ten tia l canno t be determ ined  ana­
lytically, b u t can be calculated  num erically. This w as done using  
a F o rtran  p ro g ram , listed  in  A p p en d ix  A. The ap p ro ach  u sed  is 
now  described.
A =  - B i y 2x (4 4 )
(4 -5)
an d  a field g rad ien t of 5 x 106Tm  1. This poten tial m odulates the
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Figure 2 9 . Magnetic potential due to a perpendicular field of constant 
gradient. Plots for kx =  ±kp are shown, with, as for the 
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Figure 30. The form of the potential from both the confining chan­
nel and the magnetic field gradient. The potentials for 
Bi = 5 x 106Tm-1 (bottom) and Bi = —5 x 106Tm-1 
(top) are plotted. Note the two different y axis scales, 
kp =  1.46 x 106cm-1 . Classically, the attractive potential 
(upper panel) corresponds to snake states guided down the 
middle of the channel, whilst the repulsive potential (lower 
panel) corresponds to transport in edge states.
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Numerical calculation o f eigenvalues
To calcu late  the  e igenvalues in  th e  m agnetica lly  m o d u la ted  p o ­
tential, a 'shoo ting ' algorithm  is used[49, 83]. The eigenfunctions 
are  desc ribed  b y  the S chrod inger equa tion . In  th is  ap p ro ach  an  
in itia l energy, w h ich  is expected  to  b e  too  low, is selected. The 
w avefunction  for th a t energy  is ca lcu la ted  s tep w ise  across the  
po ten tial, s ta rtin g  a t the centre of the  well.
T he p o ten tia l is a ssu m ed  to  b e  sym m etric  ab o u t th e  centre 
p o in t, a n d  so th e  w avefunction  is e ith e r an tisy m m etric  o r sym ­
m e t r i c ^ ] .  Therefore, either the w avefunction or the derivative of 
the  w avefunction is zero a t the centre of the  channel. This condi­
tion  acts as a starting  po in t for the calculation of the wavefunction. 
The b o u n d ary  cond ition  i4>(x —> ±00) —> 0 is im posed .
In  general, th e  selected  energ y  w ill n o t b e  a n  e igenenergy  of 
th e  S ch rod inger eq u a tio n  for th e  p o ten tia l. T he w avefunction  
there fo re  d iverges o u ts id e  th e  w ell, e ith e r to  la rge  positive  o r 
large  negative  values. The tria l en e rg y  is in creased  by  a  sm all 
am o u n t AE, an d  the  w avefunction recalculated . This is repeated  
un til the divergence of the wave function  changes sign -  in  other 
w o rd s, if it d iv erg ed  to  h ig h  positive  v a lu es  o n  th e  p rev io u s 
itera tion  it now  diverges to negative values, an d  vice-versa. This 
h ap p en s  w h en  the correct energy  h as  been  overshot.
The trial energy is now  reduced  by A E /2, an d  the wavefunction 
(and its divergence) recalculated. In  this way, a value for the trial 
energy  as close to  the  eigenvalue as requ ired  can be determ ined .
Limitations and improvements
This is a re la tive ly  sim p le  a lgo rithm , a n d  can  b e  ap p lied  on ly  
to  a v e ry  lim ited  n u m b er of system s. T he p rim a ry  restric tion  is 
that the confining poten tial m u st be sym m etric. This condition is 
im posed by  the assum ption  that w avefunction is either sym m etric 
or antisym m etric, w hich m akes it considerably easier to  calculate 
a reasonable starting  po in t for the w avefunction and  its derivative.
However, if the po ten tial is asym m etric, it is possib le to take a 
m o re  so p h is tica ted  ap p ro ach  to  fin d in g  a  s ta rtin g  p o in t, w h ich  
allows the stepw ise evolution of the w avefunction to  start a t h igh  
positive o r negative values of position .
A  m ore m in o r p ro b lem  is th a t the  a lg o rith m  does n o t alw ays 
d is tin g u ish  b e tw een  energ ies th a t a re  close to g e th er -  if they  
are closer th an  the  change in  energy  betw een  itera tions, th en  an  
eigenenergy  can be sk ipped . This can  b e  av o id ed  by  selecting a 
sm aller energy change (an approach  w hich  carries w ith  it a speed 
p en a lty ) a n d  is u su a lly  n o ticed  if th e  fo rm s of, an d  n u m b er of 
no d es in, the re su ltan t w avefunctions are  p lo tted .
4-5 A N A L Y S IS
Finally, th e  re su ltan t w avefunction  is n o t n o rm alised . This 
can, however, be  easily  d one  num erically . In  th is case it w as n o t 
necessary  to  d o  so.
Modes in our device
For the param eters  describ ing ou r device, the eigenenergies an d  
form s of th e  conducting  m odes are show n  in  figs 31 an d  32. Fig. 
31 show s a positive field gradient, an d  fig 32 depicts the situation 
for a negative field grad ien t.
The w avefunction is very close to zero a t the edge of the chan­
nel, as, for th ese  re la tive ly  low  en e rg y  states, the  channel is a 
good approx im ation  to  an  infinite well.
H aving determ ined  the num ber of available conduction m odes 
in  th e  tw o p o ten tia ls , w e can  calcu late  th e  conduc tance  of the  
channel in  each  d irec tio n  u s in g  eq u a tio n  2.24. The sh ap e  of the 
p o ten tia l also  d ep e n d s  o n  th e  m ag n e tisa tio n  of th e  stripe , an d  
so the shape of the m agnetoresistance curve can, in  principle, be 
calculated.
H ere , a  sq u a re  w ell m o d el for the  channel is u sed . T his is 
n o t th e  o n ly  o p tio n  -  p arabo lic  confin ing  p o ten tia ls  a re  o ften  
u sed  to  m o d el channels , w ith  th e  ad v an tag e  th a t th e  re su ltin g  
eigenfunctions are  analytical. However, as th is advan tage is lost 
in  this case d u e  to  the  m o d u la tio n  caused  b y  the  m agnetic field, 
su ch  a m o d e l p re sen ts  n o  p a rticu la r ad v an tag e  over an y  o th er 
confining poten tial, an d  the square w ell is retained  for simplicity.
Splitting and smearing o f Landau levels
E ach of these  tran sv e rse  m o d es  is in  fact a tw o-fo ld  d eg en era te  
state, w ith  sp in  u p  an d  sp in  dow n  channels. In  ou r experim ental 
configuration , Bapp is ap p lied  in  th e  p lan e  of th e  2DEG, a n d  so 
w ould  lift this degeneracy du e  to the Z eem an effect. The Zeem an 
splitting is the resu lting  energy difference betw een the tw o m odes 
and , for electrons, is given by
Hz =  g">BB (4.7)
w here g* is the  effective g factor of the electrons in  the channel.
The g  factor for electrons in  b u lk  G aA s is g* =  —0 .44, b u t  the 
presence of a confining qu an tu m  well can change this value. This 
is particularly  the  case for particularly  narrow  wells|y6] in  w hich 
a  sign ifican t p a r t  of th e  e lec tro n 's  w avefunction  lies w ith in  the  
Alo.3Gao.7As, w h ich  as a b u lk  g* v alue  of + 0 .4 . H ow ever, th is 
effect is g en e ra lly  sm all for w ells m o re  th an  5n m  w id e , a n d  for 
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Figure 3 1 . Eigenfunctions below Ep in the potential formed when 
B1 =  5 x 106 Tm- 1 . The energies of the modes are marked 
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Figure 32. Eigenfunctions below Ep in the potential formed when 
B] = —5 x 106Tm~1. The energies of the modes are marked 
with dashed lines, and the Fermi energy is shown as a solid 
line.
4.5 a n a l y s i s
F u rth erm o re , th e  g v a lu e  th e  2DEG is m od ified  by  an  field- 
d e p e n d e n t exchange in te r a c t io n ^ ] ,  lead in g  to  an  enhanced g 
factor. It is also anisotropic - the value for m agnetic fields applied  
perp en d icu la r to  the cu rren t d irec tion  has been  fo u n d  to  be less 
th an  th a t for fields ap p lied  para lle l to the current[6o].
It is difficult to  d e te rm in e  th e  en h an ced  g factor in  o u r ex­
p erim en ts . H ow ever, w e can  estim ate  an  u p p e r  b o u n d  for th e  
effect of the  Z eem an  sp littin g  u s in g  a  v a lu e  of g =  1.5 w h ich  is 
in  ap p ro x im a te  ag reem en t w ith  references [60] an d  [56]. U sing  
th is  v a lu e  gives a  Z eem an  en e rg y  of 1.39 x 10-23 x B. A t the  
m ax im u m  ap p lied  field  of 12T, th e  sp littin g  is fo u n d  to  b e  or 
«  1.6 x 10~ 22J o r «  1 .OmeV.
T he energ ies of the  L an d au  levels a re  also expected  to  be  af­
fected  in  o u r experim en ts b y  th e  ap p lica tio n  of a significant 
so u rce-d ra in  b ias vo ltage VSd[6i]. T he L an d au  level is e th er 
sp lit[6 i] if tra n sp o r t in  th e  ch an n el is ad iaba tic , o r sm eared  
out[26] if it is not. This is d u e  to  th e  energ y  b a n d  a ro u n d  the  
Ferm i energy  in  w hich  tran sp o rt occurs being  b roadened .
T he size of th is  effect is g iven  b y  E y =  eVSd- In  o u r experi­
m ents, the m axim um  source-drain voltage applied  w as 2 .5mV. We 
also  assu m e tran sp o rt w as non-ad iabatic , a n d  so the m ax im u m  
sm earing  w ou ld  be 2.5meV.
Typical in te rm ode spacings p red ic ted  by  the theory  described 
in  the p rev io u s section are  2meV. This com pares to a  com bined  
en e rg y  of a ro u n d  3 .5m eV for the  effects desc ribed  above. They 
w o u ld  therefo re  have the  effect of sm o o th in g  the  p la teau x  in  
conductance th a t w ou ld  o therw ise  be  expected.
Application o f model to results
In  th e  absence of the  sp littin g  in tro d u ced  in  by  th e  effects d is ­
cussed in  the p rev ious section, th is m odel suggests th a t the con­
duction  in  the channel shou ld  be quan tised  in  units of e2/h .  The 
s itu a tio n  is an a lo g o u s to  a q u a n tu m  p o in t con tac t defined  by  
a sp lit electrostatic  gate[go]. In  th a t  system , an  increase in  the  
n egative  charge o n  the gate  constric ts the  channel a n d  rem oves 
co n d u c tin g  m o d es  by  ra ising  th em  above the  Ferm i level. H ere, 
th e  energy  of th e  m o d es is increased  by  th e  in tro d u c tio n  of the  
m agnetic  field  g rad ien t, a n d  a  s teep er field  g ra d ie n t ra ises the  
m ode energies still further.
Therefore, a num ber of p la teau  in  the m agnetoresistance w ould  
b e  seen, w ith  in te rm ed ia te  s tep s  as in d iv id u a l m o d es cross th e  
Ferm i level. This behaviour is no t seen here, because the splitting  
and  sm earing of the L andau  levels is com parable to the in term ode 
spaceing. However, the m agnetoresistance m easurem ents can still 
b e  u sefu lly  co m p ared  to  th e  p red ic ted  p la teau x  positions, a n d
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Figure 3 3 . Theoretical and measured magnetoresistance for the 2 pm 
channel length. Modelling assumed an effective wire width 
of 172nm/ calculated from the zero field resistance of the 
channel.
this comparison is made in figs 33 and 34 for the 2 pm and 16 pm 
channel lengths respectively.
In each case, the effective w idth  of the channel potential was 
determined from the zero field resistance. The model above was 
used in conjunction w ith the stripe m agentisation curve to cal­
culate the applied fields at which the degenerate conducting 
modes would be raised above the Fermi energy. The shape of the 
measured magnetoresistance curve broadly follows the predicted 
magnetoresistance for both the 2 pm channel length and the 16 pm 
channel length.
Another potential source of the blurring is thermal broadening 
of the Fermi surface. At finite tem peratures, the Fermi surface 
broadens, until it occupies a range of energies about IcbT around 
the Fermi energy (see section 2.1.2). This leads to the additional 
conductance due to a conducting mode being introduced gradu­
ally as it crosses a Fermi surface of finite depth.
The electrons at the Fermi surface are distributed in a range of 
approximate order kBT around the Fermi energy. At a tempera­
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Figure 3 4 . Theoretical and measured magnetoresistance for the 16[im 
channel length. Modelling assumed an effective wire width 
of 192nm, calculated from the zero field resistance of the 
channel.
4.5 a n a l y s i s
0.01 — 0.1 meV. The h ig h est m o d es in  th e  channel a re  typ ically  
sep a ra ted  b y  a ro u n d  2meV. This is sign ifican tly  la rg er th a n  the  
b ro ad en in g  of the Ferm i surface, suggesting  th a t therm al effects 
are n o t significant a t these tem peratures. keT  becom es com para­
ble to  the  m ode separation  a t a ro u n d  20K.
F lu c tu a tio n s  in  the channel w id th  a n d  th e  d e p th  an d  w id th  
of th e  fe rrom agnetic  s trip e  re su lt in  changes in  th e  m o d e  en e r­
gies a long  th e  m easu red  w ire  length . T his w o u ld  also p ro d u ce  
dev ia tion  from  the expected behaviour.
A n  in s ig h t in to  the  size o f th is  effect can  be  g a in ed  by  com ­
p a r in g  the  zero-field , resistance o f th e  2 pm  a n d  16pm  channels. 
T hey  are  1.6kO  an d  1.4k O  respectively. This co rresp o n d s to  8 
conduction  m odes for the 2pm  length  an d  9.2 for the 16pm  long 
channel.
T his su g g ests  th a t th e  channel w id th  varies a long  th e  w ire  
sufficiently to change the num ber of transverse m odes by a t least 
one. This corresponds to a change in  w id th  of around  20nm . This 
is a ro u n d  the resolution  lim it of e.b.l., an d  so we could expect the 
channel w id th  to  v a ry  by  a ro u n d  th is  am o u n t. A s a resu lt, th e  
b ro ad en in g  of the  Ferm i surface over the  channel len g th  w o u ld  
be of a  sim ilar o rder to  the  in te rm o d e separation .
T he p ro p e rtie s  of th e  IV curves sh o w n  in  figure 23 are  also 
explained  w ell by  the above m odel. IV m easurem ents for poH =  
± 12T an d  0T are p lo tted . A t b o th  positive an d  negative curren ts 
the  zero  field m agnetoresistance has the low est value. Reversing 
th e  cu rren t d irec tio n  sw ap s the  o rd e rin g  o f th e  positive an d  
n ega tive  field  resistances. T his su p p o rts  th e  p red ic tio n  of the  
m o d el th a t reversing  the  ap p lied  field d irec tion  is equ ivalen t to 
reversing  the d irection  of the current.
The sam ple also exhibits som e inheren t rectification. The resis­
tances are a ro u n d  25% larger for positive curren ts th an  negative 
cu rren ts . This is p ro b ab ly  d u e  to  asy m m etries  in  the  channel, 
p e rh ap s  caused  by  an  asym m etric etch  d u rin g  the RIE process.
4.5.3 Analysis o f perpendicular magnetisation results
T he re su lts  for th e  ap p lied  field p e rp en d icu la r  to  th e  sam ple  
sh o w  a  varie ty  o f rich  stru c tu res, p a rticu la rly  so  for the  m ag n e­
toresistance curve. In fig. 35 p art of fig. 26 is reproduced , for field 
values from  0T to  12T an d  voltage contacts 14 an d  18.
In  th is  p lo t, conventional S hubnikov-de H aas oscillations are 
visible at low  (B <  2T) fields. A t h igher fields the situation is less 
clear. However, w e tentatively  ascribe the h igher field behav iour 
to  th e  an o m o lo u s S hubnikov-de H aas effect[9i]. This effect is 
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Figure 3 5 . Reproduction of part of fig. 2 6 , for field values from 0T 
to 12T and voltage contacts 1 4  and 1 8 . Magnetoresistance 
oscillations are visible. The splitting of one Shubnikov-de 
Haas oscillation peak is arrowed. Inset top right is a plot 
of magnetoresistance of a wide 2 DEG channel probed by a 
point contact, taken from reference [9 1 ]. Inset bottom left is a 
plot of 1 /B against peak number. Peaks up to 1 0  are labelled 
in the main plot. Deviation from linear behaviour due to 
peak splitting is clear.
4 .5  a n a l y s i s
m ore p o in t contacts. In  th is  case, the  channel b e in g  p ro b ed  w as 
sufficiently narrow  to  p ro v id e  th is condition.
For com parative  p u rp o se s , a p lo t from  v an  W ees et al[qi\ is 
in c lu d ed  as an  in set in  fig. 35. T here a re  som e qualita tive  sim i­
larities b e tw een  th e  tw o, p a rticu la rly  a t low  (B <  2T) an d  h ig h  
(B >  5T) fields. O ur device differs from  the situation  presen ted  in  
reference [91] d u e  to the m odu lation  of the uniform  applied  field 
by the stripe. There will therefore be a range of field values in  the 
channel, and  so there w ill no t be a single pred icted  1 /B  frequency 
for the Shubnikov-de H aas oscillations. We see som e evidence of 
sp litting  of m agnetoresistance peaks, suggesting different values 
of B for d ifferen t edge channels (arrow ed in  fig. 33).
This s tru c tu re  is p re sen t b u t  less clear in  fig. 25, because  of a 
b ackground  su p erim p o sed  u p o n  th e  oscillations.
We can  take the  d ifference b e tw een  th e  vo ltage m easu red  
for th e  tw o channels. T hese a re  p lo tte d  in  figs 36 a n d  37. Fig. 
36 show s the  difference d u rin g  the  m agneto resistance m easu re­
m ents, an d  fig. 37 show s the sam e for the  the  IV curves.
Magnetoresistance
The differen tial m agneto resistance (fig. 36) show s a  linear back­
g ro u n d , on  w h ich  is su p e rim p o sed  oscilations period ic  in  1 /H  
(w hich are  p articu la rly  clear in  th e  p lo t for I =  —2 .5pA). A s the  
m axim um  stray field from  the dysprosium  stripe w as around  0 .8T, 
the  ap p lied  field, the  m ax im u m  v a lu e  of w h ich  w as tk)H =  12T, 
dom inates. The co n trib u tio n  from  th e  stray  field  is therefo re 
m ostly  d isreg ard ed  in  th is analysis, a lth o u g h  it m ay well have a 
bearing  on  the full com plexity  of fig. 25 an d  26.
The conductance is asym m etric a t the edges of the channel due 
to the presence of circulating m agnetic edge states. C onductance 
is en h an ced  if th e  cu rren t-ca rry in g  electrons flow  in  the  sam e 
direction as these states, an d  is decreased if the tw o directions of 
travel are opposed .
This difference w ill b e  quenched  if states a t opposite  edges of 
the channel are allow ed to  mix. This occurs m ore at low fields, as 
ed g e  states are  n o t so tig h tly  confined  to  th e  b o u n d arie s  of the  
2DEG. M ixing therefore occurs in  the m idd le of the channel. This 
accounts for the linear response to  the ap p lied  field.
S tates can  also  m ix th ro u g h  th e  L an d au  levels fo rm ed  in  th e  
bulk  region of the 2DEG. W hen a L andau  level crosses the Ferm i 
level coupling betw een the edge states is increased. The periodic­
ity  of the oscillations in  the  m agnetoresistance  difference is con­
tro lled  by the electron sheet density, in  analogy  w ith  Shubnikov- 
de H aas oscillations. The m atching of the Ferm i level and  L andau  
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Figure 36. Difference between the magnetoresistance of the two con­
ducting channels. The current was passed from contact 2 to 
contact 18 in the top plot, and from contact 18 to contact 2 
in the bottom plot. Resistance values for a sweep up and a 
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Figure 37. Difference between the IV curves of the two conducting 
channels. Data for three different values of applied field are 
plotted. Current was passed from contact 18 to contact 2, and 
the values for pqH = 12T inverted for ease of comparison.
4 . 6  C O N C L U S I O N
By u s in g  eq u a tio n  4.1, these  m in im a  give an  e lec tron  d en sity  
of n s =  4.0 ±  0.6 x lO ^ c m - 2 , w h ich  agrees w ith  th e  electron  
d en sity  calcu lated  in  section  4.5.1. The g reater u n ce rta in ty  (and 
sligh tly  h ig h e r value) is p ro b ab ly  d u e  to the  m o d u la tio n  of th e  
m agnetic field in  the b u lk  by  the  ferrom agnetic stripe.
This su p p o rts  th e  v iew  th a t th e  oscilla tory  co m p o n en t of th e  
m agneto resistance difference is d u e  to m ixing  of the  edge chan­
nels via b u lk  L an d au  states. T he oscillation  can n o t b e  com ing  
from  variations in  the conductance of the edge channels, as such 
v aria tio n s w o u ld  be eq u a l in  each  channel, a n d  so b e  cancelled  
o u t by the  sub trac tion  of the tw o resistances.
IV  curves
The d ifference b e tw een  th e  IV curves (fig. 37) is b ro a d ly  as ex­
pected. Particu larly  a t positive curren ts, the  voltage difference is 
ap p ro x im a te ly  p ro p o rtio n a l to  th e  ap p lied  cu rren t, su g g estin g  
quasi-O hm ic behav iou r in  b o th  cu rren t channels. The difference 
is of the sam e sign a t b o th  negative an d  positive currents, desp ite 
the absolute cu rren t chang ing  sign.
A t negative cu rren ts , behav io u r is reasonab ly  as expected, ex­
cep t for th e  reg io n  b e tw een  I =  OpA a n d  I =  —1 .5 jiA . H ere  th e  
vo ltage difference is negative . This m ay  be  because, for n eg a ­
tive curren ts, electrons w ere in serted  on  one side of the  channel, 
th ro u g h  contact 18, favouring injection into the set of edge states 
on  th a t side.
The B =  0 cu rve show s n o  difference b e tw een  th e  vo ltage 
p robes on  opposite  edges, a n d  so confirm s th a t the difference is 
d u e  to  m agnetic effects in  the channel.
4.6 CONCL USI ON
In  conclusion, asym m etric m agnetoresistance in  a channel subject 
to  a h ig h  m agnetic  field g rad ien t h as  been  observed , w h ich  h a s  
b een  ascribed  to  th e  d iffe ren t m agnetic  po ten tia ls  seen  by  th e  
electrons travelling  each  w ay in  th e  stripe. H ow ever, th e  device 
u sed  h ere  is n o t really  capab le of fu lly  tes tin g  th is  theory, as it 
is incapab le  of p ro d u c in g  h ig h  en o u g h  field  g rad ien ts. T his is 
explored  fu rth e r in  C h ap te r 7.
The conductance enhancem ent a t the edges of the channel du e  
to  m agnetic  ed g e  sta tes  h a s  b een  p ro b ed . In  th is  configuration , 
the con tribu tion  to  the  field d u e  to  the  stripe  w as m u ch  sm aller 
(an  o rd e r of m ag n itu d e) th a n  the  ap p lied  field. It can  therefore  
be ignored.
C oup ling  betw een  the  edge states is decreased  as the ap p lied  
field increases, an d  th e  ed g e  sta tes are confined m ore  tigh tly  to
4 . 6  C O N C L U S I O N
th e  ed g es of the  channels. E dge s ta tes  can  also  coup le  th ro u g h  
b u lk  L an d au  states, a n d  th is is en h an ced  w h e n  L an d au  sta tes 
cross the  Ferm i level.
Sam ple shape m ay be of considerable im portance in  this effect. 
C ontact 18 in  o u r sam ple w as on  one side  of the channel, an d  so 
w o u ld  have p re feren tia lly  in jected  e lec trons in to  ed g e  states o n  
th a t side.
D E T E C T I O N  O F  I N D I V I D U A L  S N A K E  S T A T E S
To b e tte r p ro b e  the  m agnetic  ed g e  sta tes b en ea th  a p e rp e n d ic u ­
larly  po larised  ferrom agnetic stripe, snake state spectrometers w ere 
d esig n ed , fab ricated  a n d  tested . By d iscre tis ing  the  sn ak e  o r­
b its in  th e  ch an n el a n d  d irec tin g  these  th ro u g h  a  p o in t contact, 
in d iv id u a l snake states w ere observed.
This ty p e  o f dev ice can  be  d escribed  as a ballistic  e lec tron  
optic device. M an ip u la tio n  of electrons in  the  so lid  sta te  can  be 
perfo rm ed  by  using  electrostatic an d  m agnetostatic fields. These 
m eth o d s  have b een  realised  in  a  n u m b er of w ays, in c lu d in g  
electrostatic lenses[77] an d  prism s[78].
5.1 DEVICE DESIGN
The device (see fig. 38) is com prised of a 2DEG channel, on  top of 
w hich  is deposited  a ferrom agnetic stripe. In-plane m agnetisation  
of th is resu lts in  the  field profile described above. Poin t contacts 
(P C i, PC2) are  th en  d efin ed  a t each  en d  o f th e  strip e , p lac in g  
b o u n d a ry  co nd itions o n  the  ed g e  sta tes p e rm itted  b en ea th  the  
stripe. A  fu rth e r p o in t contact (PC3) is th en  defined  beyond  the 
en d  of the  stripe.
E lectrons traversing  the  stripe  reg ion  therefore have a lim ited  
n u m b er of sn ak e  sta tes available to  occupy  -  the  o rb its m u s t 
cross the  zero  field line a t the  p o in t contacts. The electron  m u s t 
therefore undergo  a half-integer (n) num ber of transverse oscilla­
tions in  th is region. A s there is a link betw een  the w avelength  of 
oscillation, the cyclotron rad iu s  beneath  the stripe an d  the angle, 
0n  a t w hich  electrons cross the zero field line in  the channel, this 
geom etrical constrain t discretises the angles available to the edge 
states. O n ly  w h e n  0n  for a g iven  ed g e  s ta te  co rresp o n d s to  th e  
angle betw een  the stripe  axis an d  the p a th  from  PC2 to PC3 w ill 
the state  con tribu te  to  the conductance betw een  regions 1 an d  4.
By ch ang ing  th e  m ag n etisa tio n  of the  stripe , the  cyclotron ra ­
d ius in  region 2 can be changed. Therefore, all 0n  are changed as 
well. Sw eeping the  ap p lied  in -p lane field resu lts  in  the  crossing 
angle v ary in g  from  0n  =  0 to  0n  =  7t. M axim a in  device con­
d uctance w ill b e  o b serv ed  a t ap p lied  fields such  th a t the  above 
condition is m et. A t these fields, the non-local resistance betw een 
regions 3 an d  4 w ill be  a t a m inim um .
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Figure 38. a) Schematic perspective view of the spectrometer, showing 
PCs 1-3 and regions 1-4. b) Scanning electron micrograph of 
the device.
5 .2  D EV IC E S
5 - 2  D E V I C E S
Devices w ere fabricated  u sin g  the  techniques described  in  chap­
ter 3. The substra te  w as a n ea r surface heterostructu re , w ith  the 
2DEG 30n m  below  the  surface. A  lO^im w id e  channel w as d e ­
fined using  optical lithography  an d  w et-etched. The dysprosium  
w ire, w hich w as 150nm  w ide, 150nm  deep and  5 pm  long, w as de­
fined on  top  of the  channel b y  electron-beam  lith o g rap h y  (e.b.l.) 
a n d  th e rm a lly  evapora ted . 0.5 pm  w id e  channels a t each  en d  of 
the  w ire  w ere th en  defined  b y  e.b.l. a n d  reactive io n  shallow - 
etched, w ith  the d y sp rosium  acting  as a com ponen t of the m ask 
to  p reserve the  2DEG in  self-aligned p o in t contacts b en ea th  the 
w ire. In  the sam e step, the final p o in t contact (PC 3) w as defined 
an d  etched . The w id th  of th e  PC s a t  each  en d  o f the  s trip e  w as 
therefore defined  by  the  stripe  itself as being  150n m  w ide. PC 3 
w as of sim ilar w id th .
5.3 EXPERIMENTS
The device w as m o u n ted  on  a  ro ta tio n  stage an d  th en  cooled to 
around  0.3K using  a p u m p ed  H e3 cryostat. This low tem perature 
en su red  th a t th e  m ean  free p a th  of th e  electrons w as a t least 
as long  as th e  device. Therefore electrons w o u ld  rem a in  in  one 
snake o rb it u n d e rn e a th  th e  strip e , ra th e r th an  b e in g  sca tte red  
from  one state to  another.
It w as th en  illu m in a ted  w ith  a  re d  LED in  o rd e r to  pho toex- 
cite elec trons from  th e  DX cen tres a n d  sa tu ra te  the  2DEG (see 
C h ap te r 2). A  m agnetic  field w as ap p lied  to  th e  device u s in g  a 
superconducting m agnet. The stripe w as therefore m agnetised as 
described  in  section 3.3.2 above.
A  varie ty  of m agneto resistance m easu rem en ts, b o th  local an d  
nonlocal, w ere m ade.
To determ in e  the w avevector of the  Ferm i surface, the m agen- 
tic field w as first ap p lied  n o rm al to  th e  p lan e  of th e  2DEG. A  
cu rren t of 2\iA  w as p asse d  b e tw een  contacts 1 a n d  4 (see fig. 
39 for contact labelling). M agneto resistance m easu rem en ts  in  
this configuration disp lay  Shubnikov-de H aas oscillations. U sing 
equation  2.32 the period  of these oscillations can be linked to  the 
elec tron  d en s ity  in  th e  2DEG, a n d  so to  th e  Ferm i energy  an d  
w avevector. These p a ram e te rs  of th e  2DEG w ere necessary  for 
the theoretical analysis of the resu lts, as set o u t in  section 5.5.2.
For su b seq u en t m easu rem en ts  th e  device w as ro ta ted  so th a t 
the app lied  field w as in  the p lane of the 2DEG. A  curren t of 1 \jlA  
w as p assed  from  con tac t 1 to  contact 4, a n d  th e  ap p lied  field 
sw ep t b e tw een  +3T a n d  -3T. M easu rem en ts  w ere  m ad e  of the
5 . 4  R E S U L T S
used




Figure 3 9 . Contact labelling for the spectrometer.
magnetoresistance across each point contact and across PCi and 
PC2 together.
Non-local m easurem ents were also made. The applied field 
was swept between +3T and -3T. A IpA current was passed 
between contacts 1 and 2, and the potential across contacts 3 
and 4 (across PC 3) measured using standard lock-in techniques. 
This was therefore a non-local measurement and better suited to 
show the effects of ballistic phenomena on the magnetoresistance. 
Furthermore, the measurements were free from heating in PC 3.
5.4 RESULTS
Results are plotted in figs 40 to 45. Fig. 40 shows a.c. magnetore­
sistance measurements for the entire device, with a perpendicular 
applied field. Shubnikov-de Haas oscillations are clear, and are 
used to calculate the electron density and Fermi energy in the 
next section (which contains a more detailed analysis of all of 
these results).
Figs 41 to 44 show magnetoresistance data for the point con­
tacts in the device. In figs 41 to 43, a pair of peaks centred on 
B =  0 can be seen. Applied field m agnitudes at which the max­
ima occur are in the range 50mT - 65mT. They are due to classical 
size effects, and are used to characterise the width of the contacts 
in the next section. Shubnikov-de Haas oscillations are visible at 
fields above around 1T.
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Figure 4 0 . Magnetoresistance measurement of the entire spectrometer, 
with the field applied perpendicular to the 2 DEG. The cur­
rent was between contacts la  and 4 a, and the voltage was 
measured between contacts lb  and 4 b. Shubnikov-de Haas 
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Figure 4 1 . Four point magnetoresistance measurement across PC 1 .
Magnification of the region around zero field is inset top 
right. A schematic diagram of the contact configuration is 
shown top left. Current was applied between contacts la  
and 4 a, and the voltage measured between contacts lb  and 
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Figure 4 2 . Four point magnetoresistance measurement across PC 2 .
Magnification of the region around zero field is inset top 
right. A schematic diagram of the contact configuration is 
shown top left. Current was applied between contacts la  
and 4 a, and the voltage measured between contacts 2  and 3b. 
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Figure 43. Four point magnetoresistance measurement across PCs 1 
and 2. Magnification of the region around zero field is inset 
top right. A schematic diagram of the contact configuration 
is shown top left. Current was applied between contacts 1a 
and 4a, and the voltage measured between contacts lb and 
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Figure 44. Four point magnetoresistance measurement across PC 3.
Magnification of the region around zero field is inset top 
right. A schematic diagram of the contact configuration is 
shown top left. Current was applied between contacts 1a and 
4a, and the voltage measured between contacts 3b and 4b. 
I = 1 pA, T = 0.3K, field normal to the 2DEG.
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Figure 4 5 . Non-local magnetoresistance measurements across PC 3 . A 
schematic diagram of the contact configuration is shown 
bottom left. Current was passed from contact lb  to contact 
2 , and voltage probed between contacts 3 b and 4 b. Data 
is smoothed by moving average. I =  1 \xA, T =  0.3K, field 
parallel to the 2 DEG.
Fig. 45 show non-local magnetoresistance m easurem ents for 
the device operating in the configuration, described above, to 
detect discrete snake orbits. A non-local resistance of around 
R =  0 is measured for negative applied fields, and a negative and 
oscillating resistance for positive applied fields.
5.3 ANALYSIS
5.5.1 Device characterisation
The frequency of the Shubnikov-de Haas oscillations are shown 
in fig. 40. They are used here to calculate the electron density 
for the 2DEG as in section 4.5.1 in the preceeding chapter. Fig. 
46 shows a plot of 1/B for successive resistance minima. The 
gradient is 0.091 T ~ \  corresponding to a sheet electron density 
of n s =  5.84 x 10n cm -2 and a Fermi energy of Ep =  3.32 x 
10—21J =  20.8meV.
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5 .5  a n a l y s i s
S om e m ag n eto resistan ce  m easu rem en ts  o n  PC s 1-3 (figs 41 
to  44) sh o w  sym m etric  p eak s a ro u n d  B =  0 characteristic  of 
po in t contacts [84]. Resistance m axim a are at ± 50mT for PC 1 and  
± 65m T for PC 2. Peaks are  n o t p resen t in  the d a ta  for PC3.
T he w id th  of th e  p o in t con tacts can  be  d e te rm in ed  from  the  
field  a t w h ich  the  m axim a occur[84]. A t th is  v a lu e  of ap p lied  
field, the cyclotron rad ius of the electron is the w id th  of the poin t 
contact. This is the cond ition  a t w hich  m axim um  backscattering  
occurs, an d  so conductance is a t a m inim um . The w id th  is given
We cannot ignore the additional contribution to  the field at the 
2DEG from  the m agnetisation of the stripe. This can be calculated 
from  the m agnetisa tion  curve in  fig. 15 an d  the  step  approx im a­
tio n  to  th e  field  profile  a t  th e  2DEG sh o w n  in  fig. 17. We find  
th e  co n trib u tio n s to  b e  of ro u g h ly  th e  sam e size as th e  ap p lied  
field, a n d  so the w id th  of PC 1 is 662 ±  130n m  a n d  the  w id th  of 
PC 2 is 546 ±  120nm . The large erro r is d u e  to uncerta in ty  in  the 
m agnetisa tion  of the stripe  a t these fields.
M agnetoresistance m easurem ents for PCs 1 an d  2 together (fig. 
43) show  m ore com plicated structure, consisting of tw o superim ­
p o sed  p a irs  o f peaks. E ach p o in t contact co n trib u tes  a  sep a ra te  
p a ir  of m axim a. PC 3, o n  the  o th er h an d , do es n o t dem o n stra te  
these  m axim a. T his is p e rh ap s  because  of th e  d iffe ren t m e th o d  
of fabrication. W hile PC 1 an d  2, w hich  w ere p ro tec ted  from  the 
etch by the ferrom agnetic stripe, should  be reasonably square-cut, 
PC  3 is m u ch  m o re  ro u n d e d , a n d  th is  m ay  serve to  d a m p  the  
m agneto resistance peaks. Furtherm ore , because the  contact w as 
etched , it  is likely  th a t th e re  w o u ld  b e  a  s tro n g  n o n -sp ecu lar 
com ponent to  the  b o u n d ary  scattering.
5.3.2 Snake state detection 
Theoretical modelling
We can  m o d e l th is  dev ice u s in g  a  sem iclassical app roach . The 
geom etry is show n in  figure 47. The electron travels in  the positive 
x direction. The y co-ordinate describes the  d isp lacem ent across 
the channel, w ith  y =  0 being the centre line, a t w hich  the actual 
field co m p o n en t Bz is zero. The e lectron  crosses the  line y =  0 
a t an  an g le  0 . T he p o in t contact ac ting  as a detector, PC3, is 
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Figure 47. The geometry used to model the devices. The electron orbit 
shown is the n  = 2 trajectory.
We use the step approxim ation for the field profile. The field 
is therefore given by Bz =  —Bs for y < 0 and Bz =  +BS for 
y > 0. This region is of length ls . Under the stripe an electron 
travels in a circular arc, with radius equal to the cyclotron radius, 
Rc =  hkp/eBz, due to the Lorentz force. It will describe a number 
of arcs, based on the y =  0 line.
The length of the base, l Q, is determ ined by 0 and Rc, and is 
given by
l Q - 2Rcsin0. (5-2)
For a positive field direction snake orbits centred on the zero- 
field line are formed. Electron orbits can only contribute to the 
conductivity of the device if they have an integer number of half­
wavelengths under the stripe and 0 is such that they coincide 
with PC3. The half-wavelength and 0 of a given state are linked 
by the cyclotron radius, which is governed by the m agnitude of
Bs.
Using this link between the applied field and the cyclotron 
radius, and the geometrical constraints imposed by the device, 
we can determ ine the values of Bs at which resistance minima 
should be present. A full derivation is presented in Appendix B. 
The change in field between successive minima is given by
ABc =
2hkF
le 1 -L a1 +  I?
(5-3)
where a/ d  = tan(0). The Hall curve from the stripe is then used 
to link Bs to the applied field, H.
5-5  A N A L Y S IS
T his m o d el on ly  ap p lies  if the  ap p lied  field  is in  th e  positive 
d irec tio n  (i.e. th e  d irec tion  th a t  re su lts  in  a  field  g ra d ie n t such  
that electrons travelling from  P C i to  PC3 occupy snake orbits). If 
the  ap p lied  field d irec tion  is reversed , the device w ill n o t w ork, 
as electrons are no t channelled along the zero field line. Therefore 
oscillations are n o t visible an d  the non-local voltage is p red ic ted  
to  be a ro u n d  zero.
Fit o f model to results
For the  device described above, the d istance from  the  en d  of the 
stripe  to PC3, d, is 2pm , an d  the offset of PC 3, a , is 200nm . The 
len g th  o f th e  s trip e  b e tw een  P C i a n d  PC2 ,1  is 4 pm . T he Ferm i 
w avevector is g iven by kp =  V 27m , w ith  n  =  6 x 1011 cm - 2 .
E quation  5.3 gives a value for ABS of 0 .06T. In  fig 48 rep lo tted  
m agnetoresistance d a ta  are show n, w ith  these p red ic ted  app lied  
field values for resistance m in im a h ig h lig h ted  by  th e  d o tted  
vertical lines.
T he p red ic ted  resistance m in im a  broadly co incide w ith  th e  
actual field values a t w h ich  m in im a are found . S ignificant oscil­
la tions in  the m agnetoresistance  are a p p a ren t a t positive values 
of the  ap p lied  field. A t negative fields, n o  su ch  perio d ic  oscilla­
tions a re  seen. W ith  the  s trip e  m ag n e tised  in  th is  d irec tion , the  
dev ice w o u ld  have b een  w o rk in g  " in  reverse". In  o th er w ords, 
the Lorentz force beneath  the stripe pushes electrons tow ards the 
edges of th e  channel, a n d  d o es  n o t g u id e  th em  in  snake orbits. 
The non-local voltage is zero.
T he resistance a t negative  fields d o es give u s  an  idea  o f the  
m agn itude of any  oscillations not du e  to  the channeling  of snake 
states. Typically, the  m agnetoresistance in  th is reg im e fluctuates 
aperiod ica lly  w ith  a  m ax im u m  change of 1 0 0 . P eriod ic oscilla­
tions in  th e  positive field reg im e have a m ag n itu d e  of betw een  
2 0 0  a n d  4 0 0 . This h e lp s  to  confirm  th a t th ese  fea tu res a re  n o t 
noise.
There are a n u m b er of sim plifications in  o u r m odel th a t could 
lead  to  p red ic tio n  of th e  incorrect p e r io d  for th e  m agneto resis­
tance oscillations. We have assum ed that the ferrom agnetic stripe 
lies entirely  betw een  PC 1 an d  PC 2. In fact, th is is n o t the case -  
a p ro trusion  of around  400n m  either side of the PCs is just visible 
in  fig. 38b. (This is du e  to  the difficulty of aligning the stripe w ith  
the d ry  etch  d u rin g  the  e.b.l. process.)
A n o th er source  of inaccuracy  assoc ia ted  w ith  the  e n d  of the  
stripe is the assum ption  th a t the m agnetic field profile described 
above gives w ay a b ru p tly  to the  zero  field  reg ion . In  fact, there  
w ou ld  be a in term ed iate  transition  region.
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Figure 48. Non-local magnetoresistance measurements across PC 3 
-  fig. 43 replotted. The applied field is plotted along the 
bottom x-axis, and the top x-axis is labelled with the resultant 
value for Bz at the level of the 2DEG in the stepped field 
approximation (see section 3.3.2). Note the non-linearity of 
the relationship between these two. Dotted vertical lines are 
predictions of magnetoresistance minima from equation 3.3.
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account. T his m ay  have an  effect o n  oscillations if th e  q u arte r- 
w av elen g th  of th e  snake o rb it is com parab le  to  th e  len g th  («  
300nm ) of the PCs. In  these devices th is w ou ld  be the case if the 
n u m b er of half-w aveleng ths b e tw een  PC  1 a n d  PC 2 w ere 8 o r 
m ore. A ccord ing  to the  p red ic tio n s of eq u a tio n  5.3, the  fields a t 
w h ich  th is w ould  occur are  ou tside  the  regim e stu d ied  here.
5.6 C O N C L U SIO N
In  conclusion, a device h as  b een  d em o n stra ted  in  w h ich  snake 
orb its  in  a channel a re  d iscre tised  b y  th e  b o u n d a ry  cond itions 
im posed by tw o po in t contacts. They are then  selectively detected 
b y  a th ird  p o in t contact offset from  th e  axis o f the  device. The 
non-local m agnetoresistance of the th ird  po in t contact w as best at 
show ing the spectral conten t of the snake orbits, as transm ission 
in  th is m ode of operation  w as en tire ly  ballistic.
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In  th is chap ter, th e  in te rac tio n  o f sn ak e  o rb its  w ith  th e  elec­
trom agne tic  field  is d iscussed . E xperim en ts w ere  p e rfo rm ed  in  
w hich  a sem iconducto r/ferrom agnet w ire w as irrad ia ted  w ith  m i­
crowaves, an d  ferrom agnetic resonance in  the w ire w as detected  
via resistance changes in  the 2DEG channel.
6.1 IN T R O D U C T IO N
T here has been  considerable in terest in  the fu n d am en ta l physics 
of microwave em ission from  a variety  of sp in  oscillator system s. A 
nanoscale microwave sourse th a t can be in tegrated  w ith  sem icon­
ducto r electronics w ould  also have applications in  the fabrication 
of sm all scale w ire less in terconnects  b e tw een  m icroelectronic 
com ponen ts[i2 ]. This is a possib le  ap p ro ach  for circum ven ting  
the problem s caused by the scaling of conventional interconnects 
in  u ltra-large scale in teg ra ted  (USLI) circuits.
A num ber of nanoscale system s capable of microwave em ission 
have been  described.
The m agnetisation  of a th in  ferrom agnetic film  can be reversed 
by a sp in  po larised  current[36] w ith  only m odera te  ap p lied  m ag­
netic fields. Such behaviour is found  in  sp in  valves, w hich consist 
of a fixed m agnetic  layer, w h ich  acts to  po larise  th e  ap p lied  cur­
rent, an d  a free layer. This m agnetisation  sw itch  is follow ed by a 
period  of d am p ed  sp in  precession, w hich  is accom panied by  the 
em ission of a p u lse  of m icrow ave frequency  radiation[6y].
Pow ers of a few  nanoW atts have b een  observed  from  su ch  
structures[66]. The p eak  em ission  frequency  is tunab le  in  the  in ­
terval 1 — 50G H z by vary ing  the m agnitude of the sp in  polarised  
cu rren t th ro u g h  the  device.
M icrow ave em ission  from  m olecu lar m ag n e ts  h as  also b een  
detected[34]. In  these  system s, reversal o f the  m ag n e tisa tio n  is 
usually  dom inated  by tunneling  betw een Z eem an energies. W hen 
the app lied  m agnetic field is reversed, the energies of these states 
a re  sw ap p ed . If th e  field  sw itch  is slow, th en  co u p lin g  be tw een  
the levels restores the equ ilib rium  electron d istribu tion .
If, on  the o ther h an d , the field is sw itched rapidly, equilibrium  
is n o t m ain ta ined  d u rin g  the process an d  a p o p u la tio n  inversion 
results. A  single b u rs t of photons, w ith  w avelength corresponding
97
6 .2  THE ORY OF R E S O N A N T  E M I S S I O N
to  th e  Z eem an  energy, is re leased  as th e  electrons relax  to  the  
lower energy level. M icrowave pow ers of a few  tens of femtoW atts 
have b een  observed  d u rin g  co h e ren t em ission  from  crysta ls of 
m agnetic m olecules[82].
H ere , a theory[57] w e have dev e lo p ed  describ ing  th e  in te rac­
tion  of snake o rb its w ith  th e  e lec trom agnetic  field  is described . 
E m ission  of m icrow aves is p red ic ted , w h ich  w o u ld  be  tu n ab le  
w ith  m ax im um  p eak  frequency  o f a ro u n d  500G H z. E m ission  is 
expected to  be con tinuous, w ith  pow er levels of a ro u n d  1 nW.
This th eo ry  m o tiv a ted  ex p e rim en ts  invo lv ing  irrad ia tio n  of 
a G aA s/A lG aA s h e te ro s tru c tu re  m o d u la ted  by  a D y w ire  w ith  
m icrow aves in  the range  50 — 110GH z.
6 .2  THEORY OF R E SO N A N T  E M ISSIO N
T he resu lts  d esc rib ed  in  th is  ch ap te r concern  sp in  resonance 
effects in  th e  fe rrom agne tic  s tru c tu re . How ever, th e  th eo ry  of 
fluorescence from  m agnetic  ed g e  s ta tes  w e have recen tly  devel­
oped  is first p resen ted , to  en large u p o n  the m otiva tion  for these 
experim ents. A  m o re  in  d e p th  d iscu ssio n  of th e  forces o n  an  
electron in  the channel is required . This leads on to  a descrip tion 
of the resu ltan t sp in  dynam ics.
6.2.1 Theoretical development 
The system
A  2DEG channel is considered  in  w h ich  an  electron is p ropogat- 
ing  in  the ± x  direction . The y  d irec tion  is tak en  as be ing  across 
the  channel, w ith  the  y  =  0 p o in t in  the  centre, an d  the  z  axis is 
norm al to the p lain  of the 2DEG. The com ponent of the m agnetic 
field parallel to  the  z  axis is th en  Bz.
We recall th a t th e  p e rp en d icu la r  co m p o n en t of th e  m agnetic  
field beneath  a transversely  m agnetised  stripe can be reasonably 
app rox im ated  b y  a linear m agnetic  field g rad ien t (section 3.3.2). 
This is w ritten  as
B z =  B i y .  (6 .1 )
In  th is dev e lo p m en t, the  y  co m p o n en t of the  m agnetic  field 
m u st be taken  in to  account. This is d eno ted  By .
Classical electron dynamics
The m otion  of the electrons in  the channel is now  discussed.
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The electron  is subject to  the  Lorentz force d u e  to Bz . It there­
fore u n d erg o es transverse oscillations in  a m agnetic po ten tial. It 
can be  show n  th a t the m axim um  am p litu d e  of these oscillations 
is com parable to the w id th  of the m agnetic w ire, an d  is given by  
lb =  s-y/hkp/eB 1. The elec tron  therefo re  rem a in s  in  the  reg ion  
w h ere  eq u a tio n  6.1 rem ains a good approxim ation .
It is w orth  considering the effect of the force du e  to the Zeem an 
effect o n  the m agnetic d ipole m om ent. This is du e  to the gradient 
of Bz acting on  the sp in  of the electron. The sp in  precesses around  
By w ith  th e  L arm o r frequency, a n d  so th e  Z eem an  force also 
oscillates a t the L arm or frequency.
As the m agn itude of the Z eem an force d epends on Bi an d  the 
L oren tz  force d e p e n d s  o n  Bz, th e  Z eem an  force w ill d o m in a te  
w h en  y  is sufficiently sm all, as Bi is constan t across the  channel 
a n d  Bz is a t a m in im u m  in  th e  centre. Z eem an  effects therefo re 
contro l m o tion  a t the centre of the channel. The reg ion  in  w hich  
the  Z eem an  force is of greater m ag n itu d e  th an  the L orentz force 
has a ha lf-w id th  of
_  g*m* 1
IZeeman — ■, • (®.2)g0m 0 k F
g* a n d  m* are  the  L an d e  factor a n d  effective m ass for an  
e lec tron  in  th e  2DEG, a n d  go a n d  mo are th e  co rresp o n d in g  
values in  free space. Izeeman is typically of the o rder of 1 nm . Since 
th e  m ax im u m  am p litu d e  of the  electron  oscillations is typically  
~ 200nm , only  the  action of the  Lorentz force is considered.
T herefore, u s in g  a sem i-classical d esc rip tio n  of the  e lec tron 's  
dynam ic, the  equations of m otion
Tb*  =  c o s m  2
(TbV)2 - COS I  l - Y 2 Yz +  sin'1 1 ?
(6 -3)
(6.4)
are ob tained. These equations describe an  anharm onic  oscilla­
to r param ete rised  by  0.
In  these  eq u a tio n s , th e  len g th  scales X =  x / lb  a n d  Y =  y / l \ ,  
a re  in tro d u ced . Sim ilarly, Tb =  m */V hkpeB i • 0 p aram eterises 
the  sn ak e  o rb its a n d  is the  angle a t w h ich  th e  trajecto ry  crosses 
the Bz =  0 line.
Resultant electron motion
E quations 6.3 an d  6.4 can  be in teg ra ted  to describe the  position  
of the electron as a function  of tim e, w hich  is th en  given by
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t  =  Tb F(X/0 ). (6.5)
F is the elliptical in tegral
Hx,e) =
'x d a
0 y j  1 — cos2 (0 /2) s in2 (a)
(6.6)
w here  x  =  arcsin \J y 2/  [co s2 (0 /2) (Y2 +  sin 2 (a ) )].
Here, it is assum ed th a t a t t  =  0 the electron is a t (X, Y) =  (0, 0 ). 
T he Y co-o rd inate  can  th en  b e  ex p an d ed  as a F o u rier series 
an d  w ritten  as
00
Y(t) =  b 2k+1 sin( (2k. H-1) cut), (6.7)
k=0
w here




(2k + 1 )  —n  F(X/0 )
2 F ( tt/2 ,0 ) J
(6.8)
an d  Ymax =  cos (0 / 2 ).
This com pletes a full desc rip tio n  of the  m o tio n  of an  electron  
subject to the Lorentz force in  a m agnetic field grad ien t.
Two observations can  be  m ade  ab o u t the electron dynam ics.
The possib le  oscillation frequency  range  is finite. I t varies b e ­
tw een  cu =  0 a t 0 =  0 a n d  th e  cut-off frequency  coc =  t ^ 1 a t 
0 =  7T.
The oscillations are  n o t sinuso ida l, an d  have a  h arm o n ic  con­
ten t th a t d ep e n d s  u p o n  0 . It becom es p articu la rly  rich  as 0 —> 0 
a n d  th e  len g th  of the  e lec tro n 's  ap p ro ach  to th e  y  =  0 line d i­
verges. T herefore, w h e n  0 =  0 the  frequency  ten d s  to  zero , a n d  
w h en  0 =  7t the am p litu d e  tends to zero.
Supply function
T he b eh av io u r o f a n  elec tron  p o p u la tio n  is n o w  considered . In  
particular, the fraction, n (0 )d0 ,  of the total cu rren t carry ing  elec­
trons injected in to  orb its betw een  0 an d  d0 is calculated.
It is assum ed  th a t the entire cu rren t is carried  in  snake orbits -  
states a t the edge of the channel are ignored. Electrons can en ter 
a g iven  o rb it 0 a t  an y  d istance  across the  w avegu ide  -  it is n o t 
assu m ed  th a t e lec trons s ta rt from  Y =  0 . Yq can  v ary  b e tw een
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0 < 0 < n/2, 0 < 0C
Figure 49. Three different regimes for electron snake orbits in the 
waveguide, parameterised by 0. Electrons in these orbits are 
inserted between Y = 1 and Y = — 1 at the beginning of the 
waveguide.
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Ymin a n d  Ymax, w h ich  d ep e n d  u p o n  th e  m ag n itu d e  o f 0 a n d  the  
sign of the  d rift velocity. The possibilities are dep ic ted  in  fig. 49.
n (0 )  is calculated by sum m ing the velocities of electrons in  the 
reg io n  Ymin to  Ymax- This su m  is th en  n o rm alised  over the  to tal 
nu m b er of electrons injected in to  the channel, to  ob tain
n(0) = ---- -—^ ---------------------- • (6-9)
e J ? d 0 j ^ d Y o < v x(0,Yo,t)>
vx is calculated for states for w hich  the probability  of rem aining 
u nsca tte red  afte r tim e t  is e-t//T . It is given by
(Vx) = dte t/Tvx(0,yo,t). (6.10)
Inserting equations 6.7 an d  6.8 in to  equation  6.3 an d  assum ing 
cut »  1 gives the  expression
/ \ 00
^ = c o s ( 0 ) ~ y  b2k+). (6.11)
VF it o
P lots of th ree  d iffe ren t variab les ag a in st 0 a re  sh o w n  in  fig. 
50. In  p an e l a, th e  possib le  ran g e  o f Y for d iffe ren t va lues of 0 
lie w ith in  the  clear area. The d rift velocity for d iffe ren t o rb its is 
p lo tted  in  panel b. The su p p ly  function  is p lo tted  in  p an e l c.
Finally, th e  w aveleng th  (that is, th e  d istance  b e tw een  su b se­
quen t intersections w ith  the Y =  0 line) of an  orbit param eterised  
by 0 is de term ined , from  equations 6.5 an d  6.11, to  be
A(0) =  |X(t =  T) — X(t =  0)|
=  2lbF(7i / 2, 0) COS(0) -  Y _  b 2 k + l
k=0
(6.12)
H ere, T is th e  tim e p e rio d  of the  oscillation  p a ram eterised  by
0 .
Radiative emission
The dynam ics of the  electron 's sp in  is now  discussed.
The sp in  in teracts w ith  three m agnetic field com ponents. Firstly, 
By splits the sp in  states into the g round state, |g), an d  the excited 
state, |e). Secondly, the  transverse oscillations of the sp in  resu lts 
in  it experiencing  a n  a.c Bz. Finally, th e  sp in  in te rac ts  w ith  the  
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Figure 30. Plots of various oscillator properties against chacterising 
parameter 0. a) The possible range of Y for different values 
of 0 lie within the clear area, b) Drift velocity for different 
orbits, c) The supply function. In panels b and c, the values 
are plotted for t  = lps (solid line) and t  = 00 (dotted line).
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If th e  frequency  of Bz m atches th e  L arm or frequency  of the 
electron  in  By , th en  Rabi oscillations w ill re su lt as the sp in  flips 
b e tw een  the  g ro u n d  an d  th e  excited  state. The d ev ia tio n  o f Bz 
from  th e  L arm or frequency  is te rm e d  th e  d e tu n in g  frequency, 
(joeQ. Q u a n tu m  m echanically , Bz ac ts to  coup le  |g) a n d  |e). By 
so lv ing  th e  effective H am ilto n ian  o f the  sp in  co u p led  to  these 
th ree fields, the eigenenergies of th e  tw o states a re  fo u n d  to  be
T he eigenenerg ies are  p lo tted  in  fig. 51 as a  func tion  of the 
d e tu n in g  frequency  a n d  for d iffe ren t values of r, w h e re  r  =  
O i /  (T/2 ). C oupling  becom es stronger w hen  the frequency of Bz 
ap p ro ach es th e  L arm or frequency. I t  is also  n ecessary  for r  >  1, 
as the coupling does no t have tim e to  be established if the rate of 
rad ia tive decay is greater th an  the  R abi frequency.
T he sp in  can  em it a p h o to n  b y  rad ia tiv e ly  decay ing  from  the  
excited state. Clearly, the electron canno t decay from  the g round  
state. The pho ton  em itted  escapes to infinity, and  so the e.m. field 
is assum ed to be empty. Therefore w e can consider these two spin 
sta tes as |g,0) a n d  |e,0) -  they  are  d re sse d  by  th e  g ro u n d  state  
of the  field. T hese tw o sta tes in te rac t w ith  th e  e lectrom agnetic  
s ta te  |g ,k ,p ) ,  w h e re  k  a n d  p  a re  th e  p h o to n  w avevector an d  
polarisation.
The sp o n tan o u s rad ia tive em ission  ra te  from  the  excited state 
is g iven by
(6.13)
H ere,
£ 0 =  ( £ f l + £ e ) /2






p - s g n ( n 2) +  V i + 6 2
(6.18)
(6.19)
|(a ,k p |V p h o t|b ,0}|26 (Eb - E a - h c o )  (6.20)
a  k,P
1 (9M-b )2 L3
( 6 .2 1 )
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;ure 51. The mixing of the |g) and |e) states through the influence 
of Bz. to eg is the detuning frequency. The top panel shows 
the energies, E and E+, of the two states. The lower panel 
shows the resultant lifetimes of the mixed states. A range 
of values of r = Q i /(Tsr /2 ) are plotted. The origin is set at 
E0 = 0.
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Time evolution in  the w aveguide is calculated by  con tour in te­
g ra tio n  o f th e  e lem en t of the  G reen 's  m atrix  of th e  system . The 
tim e evo lu tion  of the  q u an tu m  sta te  is calcu lated  by com pu ting  
th e  evo lu tion  o p era to r U(t ) .  T he ev o lu tio n  of th e  sp in  from  the  
Ig) to |e) is g iven by
Ueg(t )  -  ^ ^ P - i £ : ^ i e- ^ t / n e- r t / 4 , (6, 2)
r/2 x(p — xp ] )
The am p litu d e  of probab ility  from  |e) to  |e) is
Uee(t) =  C O s[x (p -ip
(1+ix)
s in [x (p - ip  M if ]1
x(P — ip )
(6.23)
The probability  of em itting  a pho ton  is equal to the probability  
o f sp o n tan eo u s  em ission  m u ltip lied  by  the  p ro b ab ility  of being  
in  state  |e). This is g iven by
r|Ueg(t)l2 =  ^ ^ 2 (cosh(A2t) —cos(Ai t) )e r t / 2 . (6.24)
In  sum m ary , in  th is sec tion  electrons in jected  in to  b o th  |e) 
a n d  |g) sta tes have b een  tim e-evolved  in  th e  w avegu ide. The 
probab ility  of single p h o to n  em ission  has been  derived.
Many-photon processes
T he co u p lin g  of th e  |g) a n d  |e) s ta tes by  Bz allow s sp in s  to  be 
'recharged ' into the excited state after undergo ing  em ission. They 
can then  em it a second photon , an d  this process can be repeated  
ad infinitum. The probability  of an  electron injected in the g round 
state em itting  one p h o ton  only after a dw ell tim e t  in  the channel 
is g iven by
T>S,” (t) = f  dt,r|ueg(t,)|2. (6.25)
JO
By sum m ing  the possible one p h o to n  em issions over the em is­
s io n  tim es for th e  first p h o to n , th e  p ro b ab ility  of a two p h o to n  
event can be determ ined . The probability  of a three pho to n  event 
is calculated  in  a sim ilar way. This process gives
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Vq2){t)  = dti
t.
dt2r2|U eg(t, - t 2)|2 |U eg(t2)|2 (6.26)
an d




dt2|Ueg(ti - t 2)|2x
dt3r 3|Ueg(t2 - t 3 |2|Ueg(t3)|2.
(6.27)
The process is sim ilar for em ission from  a pho ton  starting  from  
|e), b u t th e  em ission  p ro b ab ility  d u rin g  th e  first tim e p e rio d  is 
governed  by  U ee- This gives
pL” (t)
rt
dt i  F|Uee(ti  )|2, (6.28)




Pg3’(t) =  [ dti Jo
d t 2 | U e g ( t ,  t 2 )| X
f  dt3r 3|Ueg(t2 —t3|2|Uee(t3)|2. 
Jo
(6.30)
These in tegrals can be  calculated num erically, an d  are  p lo tted  
in  fig. 52 for r  =  5 . T he to p  p an e l show s th e  re su lts  fo r p e an d  
the low er pane l for p g.
The n ecessary  q u an titie s  have n o w  b een  d eriv ed  to  calculate 
the pow er em ission from  the device. First, the pow er rad ia ted  by 
m ode k  is calculated. This is done by  sum m ing over all radiative 
sequences for th a t m o d e, w e ig h ted  b y  th e  su p p ly  fu n c tio n  in to  
th a t m ode. This gives
oo
Pk(LOeg, t )  = n ( 0 )(2k + l ) h c u ^ i [ n gp y t ) + n ePe(t )]  .
i= 1
(6.31)
This can be w ritten  as
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Figure 52. Emission probabilities for one, two and three photons for 
spins injected in the excited (top) and ground (bottom) states, 
with r = 5.
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f (t) =  n g|Ueg(t)|2 + n e|Uee(t)|2. (6.35)
By su m m in g  over all m odes, th e  to tal ra d ia ted  p o w er from  
orbits param eterised  by  0 is g iven by
In teg ra tin g  over all values of 0 g ives th e  to ta l p ow er rad ia ted  
by the w aveguide -
In  sum m ary , the  probabilities for m u ltip h o to n  processes have 
been calculated, an d  the resu ltan t pow er em itted  from  the waveg­
u id e  described.
Summary
A  n u m b er of fea tu res  of the  re su lts  p re sen ted  h ere  can  n o w  be 
usefu lly  h igh ligh ted .
M o m en tu m  sca tte rin g  is expected  to  have n o  effect o n  th e  
to tal fluorescence, as long  as electrons a re  sca tte red  from  one 
sp in  oscillator s ta te  to  another. If th e  sp in s  a re  sca tte red  in to  





(P(cu0/t)) =  d0P(ci>(0),cuo,t). (6.37)
Jo
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The fluorescence is in d ep en d en t of the sp in  po larisation  of the 
injected cu rren t in  long w aveguides (in w hich  the electron dw ell 
tim e is m u ch  g rea te r th a n  (O i / 2)_1). This is because  th e  Rabi 
oscillations ra p id ly  rem ove th e  m em o ry  of the  in itia l state. In  
sh o rte r w aveguides, how ever, th e  fluorescence w ill d e p e n d  o n  
the po larisa tion  of the su p p lied  spins.
The p ro p e rty  of n o t requ iring  a sp in  po larised  su p p ly  cu rren t 
is h igh ly  desirab le , because of the difficulties in  injecting such  a 
cu rren t in to  sem iconducto r s t r u c tu r e s ^ ,  72].
6.2.2 Device parameters and calculations
The above theoretical d eve lopm en t can be u sed  to calculate em - 
m ision  spectra an d  m icrow ave pow er for real devices.
In  the following num erical calculations, a supp ly  curren t of I =  
10|iA  is assum ed. The use of an  InAs based q uan tum  well w ould  
give values of m* =  0 .023mo for the effective m ass an d  g =  —15 
for th e  L ande  g  factor. A n  e lec tron  d en s ity  of n s =  1011 cm -2  
an d  a field g rad ien t of B 1 = 2 x 106T / m  are realistic.
T he to ta l len g th  of th e  w avegu ide  is tak en  to  b e  L =  1000pm . 
T here is no  sp in  p o la risa tio n  o f in itia l cu rren t (i.e. n g (t =  0 ) =  
n e (t =  0), and  the num ber of spins oscillating in phase w ith  each 
o ther is N =  1010.
Two regim es can be investigated. The Rabi regim e is the regim e 
in  w h ich  sp in  oscillators experience a stro n g  R abi coup ling , as 
th e  oscilla tory  p e r io d  of Bz is close to  their L arm or frequency  
d u e  to  By. A s long  as their dw ell tim e in  the w avegu ide  is long  
enough , these oscillators fluoresce all along the w aveguide.
O scillators in  th e  exponential reg im e are n o t re g en era ted  in to  
the excited state by Rabi oscillations. They exhibit radiative decay 
a t the en trance to the  w aveguide.
The p o w er as a func tion  o f dw ell tim e in  th e  w avegu ide for 
different values of r  =  H i / ( T / 2 ) is p lo tted  in  fig. 53. For em ission 
w hen  r  <  1, a transien t radiative decay occurs for spins p repared  
in  th e  |e) state. T his co rresp o n d s to th e  exponen tia l reg im e, in  
w hich  m icrowave generation occurs in  the region near to  the start 
of th e  w avegu ide. C onversely, w h e n  r  >  1 Rabi oscillations are  
estab lished . A  rad ia tiv e  cascade is estab lished , in  w h ich  m an y  
photons can be em itted  from  the sam e electron as it travels along 
the channel. Radiative em ission is therefore d istribu ted  along the 
w aveguide.
Fig. 54 show s the  fluorescence pow er as a  function  o f tim e in  
the w aveguidefor a range of detun ing  frequencies. Plots for r  =  5 
(top, well in to  the Rabi regim e) and  r  =  0.5 (bottom , th reshold  of 
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Figure 53. Power radiated from the waveguide as a function of dwell 
time in the waveguide for different values of r = Oi /(Fsr/2). 
Here, the detuning of the photon frequency is set to cueg = 0.


















Figure 54. Fluorescence power as a function of time in the waveguide 
for a range of detuning frequencies cueg. Top -  r  = 5. Bottom 
-  r = 0.5. Note the change in the uhtu scale between the two 
plots.
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I<0
0.0
Figure 5 5 . Microwave emission spectrum integrated over all orbits as a 
function of photon frequency. Orbits with positive and nega­
tive drift velocities are plotted separately, and on different 
scales.
Fig. 5 5  shows the total power output by all snake orbits as 
a function of the Larmor frequency. Positive and negative cur­
rents are plotted separately, w ith I > 0 corresponding to orbits 
param eterised by 49.3° < 0 < 180° and I <  0 corresponding to 
0° < 0 < 49.3°.
The emitted power peaks at 1.2nW, when the Larmor frequency 
matches the cut-off frequency. For the reverse current, the power 
peak is at lower frequencies, because, in this direction, slower 
oscillators are excited, which require smaller Larmor fields at 
resonance.
The peak position is proportional to u ] /4 . Therefore, some 
tuning of the output frequency would be possible using an elec­
trostatic gate to alter the electron density in the device.
6 .2 .3  A free electron laser?
It is perhaps worth mentioning the similarities between this 
device and a free electron laser (FEL)[2 2 , 1 7 ]. Both rely on an 
undulating beam of electrons. In both cases, a spatially varying 
magnetic field is used to direct the electrons. Both emit energy 
in the form of electromagnetic radiation, and both are tunable
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w ith in  a fairly  w ide  range.
H ow ever, the  m echan ism  of em ission  is d iffe ren t in  the  tw o 
cases. In  the  device described  above, the electrons couple to  the 
e.m . field  via sp o n tan teo u s  R am an  em ission , w h ils t in  a FEL, 
B rehm strahlung is the m echanism  by  w hich  photons are em itted.
6.2.4 Conclusion
This theo ry  pred ic ts th a t cycloid orbits in  a  m agnetic field g rad i­
en t w ill em it m icrowave rad iation . This is d u e  to rad ia tive decay 
from  th e  u p p e r  sp in  s ta te  in  Z eem an  sp litting . The em ission  is 
sustained  by spins being recharged  in to  the excited state by Rabi 
oscillations. Pow ers o f th e  o rd e r o f In W  are p red ic ted , m ak in g  
th is device a possible rou te for m icrowave netw orking in  an  ULSI 
setting.
6.3 DE V I C E
W hile th e  p ow er em itted  from  a 1m m  strip e  is p red ic ted  to  be 
of the o rder of InW , em ission  from  a stripe  of len g th  a few  tens 
o f m icrons w o u ld  be  m u ch  sm aller, a n d  so difficult to  detect. 
H ow ever, a  fu rth e r consequence o f the  th eo ry  o u tlin ed  above 
is the  in te rac tio n  of incom ing  rad ia tio n  w ith  th e  snake o rb it 
oscillators. Therefore, a sam p le  consisting  o f a  fe rrom agnetic  
s tripe  overlaying a w id er channel w as fabricated  an d  irrad ia ted  
w ith  m icrow aves. In te rac tions b e tw een  th e  electrons in  snake 
o rb its an d  th e  e.m . field  w o u ld  p e r tu rb  th e  conduc tance  of the  
channel, an d  be detectable via resistance m easurem ents.
T he s trip e  w as 9onm  w id e  a n d  36 pm  long. T he d e p th  o f the  
2DEG w as 35n m  an d  the channel w id th  w as 2 pm . The q u an tu m  
well w as form ed in  an  A lG aA s/G aA s heterostructure, ra ther than  
an  InAs based m aterial. The g factor in  GaAs based  wells is lower 
th an  in  InA s s tructu res, an d  so resonance for a g iven frequency  
of e.m . rad ia tio n  w o u ld  be expected  to occur a t h ig h er fields.
T he device w as m ad e  u s in g  s ta n d a rd  c leanroom  techn iques, 
as desc ribed  in  sec tion  3.1. O hm ic con tacts w ere defined  u s in g  
op tica l lith o g rap h y  a n d  d ep o sited  u sin g  th e rm a l evaporation . 
They w ere  th en  annealed . The channel w as defined  b y  optical 
lithography and  w et-etched. Finally, the narrow  dysprosium  w ire 
w as defined  w ith  EBL a n d  th e rm a lly  ev ap o ra ted . The sam ples 
w ere  n o t gated , as su ch  a  s tru c tu re  w o u ld  have reflected  the  
inciden t m icrowaves.
The device is s im ilar to  the  one d escrib ed  in  C h ap te r 4, b u t 
w ith o u t the add itional d ry  etch, w hich  w as used  there to  narrow  
th e  channel to  th e  sam e w id th  as th e  fe rrom agnetic  w ire . A
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Ohmic contacts
^  Ferromagnetic stripe 
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Etched region
Figure 5 6 . A schematic of the device used to demonstrate ferromagnetic 
resonance. It is similar to the device described in chapter 4, 
but with a much broader channel.
schematic of the device is shown in fig. 5 6 .
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The sample was m ounted as in fig. 5 7  and cooled to 1.5K in a 
variable tem perature insert cryostat. The parallel alignment of 
the sample to the field was confirmed by Hall measurements. 
The component of H perpendicular to the 2 DEG at poH =  15T 
was around 0 .1T, giving an angle of deviation from parallel of 
less than 1 °.
The sample was therefore irradiated from the back, in order to 
avoid screening of the 2 DEG by the magnetic stripe.
A range of microwave frequencies were applied to the sample 
while the applied field was swept from OT to 10T. Microwave 
applied frequencies were in the range 50GHz to 120GHz. The 
power level was -lodBm, above which significant heating of 
the sample occured. This was deduced from the attenuation of 
Shubnikov-de Haas oscillations.
6 . 5  R E S U L T S
Waveguide
Superconducting coils
Figure 5 7 . Sample setup for microwave irradiation experiments.
6 .5  RESULTS
Results for field sweeps of OT - 10T are shown in fig. 5 8 . Sub­
sequent frequency traces are offset by 0.4H for clarity. M agne­
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f=120GHz 115110
Applied field (T)
Figure 5 8 . Magnetoresistance of the 2DEG stripe for incident microwave 
frequencies in the range 50GHz to 120GHz. The field was 
applied parallel to the 2 DEG, and swept from 0T to 10T. 
Frequency dependent peaks are marked with arrows.
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To g a in  an  in s ig h t in to  th e  source  o f th e  f  d e p e n d e n t p eak s in  
the  m agneto resistence m easu rem en ts in  fig. 58 th e  ap p lied  field 
a t the peak , Bpeak, can  be  p lo tted  aga inst the frequency, f, of the 
m icrow ave rad ia tio n . The d ep en d en cy  of B o n  f  is sh o w n  in  fig. 
59-
The line extrapolates to the origin, an d  the g rad ien t of the B vs 
S g ra p h  is fo u n d  to  b e  3.8 ±  0.3 x 1011 Ts. F rom  eq u a tio n  2.8 w e 
determ in e  a value  for g of betw een  ± 1.75 an d  ± 2 .05.
Resonance effects d u e  to  electrons in  the sem iconductor q u an ­
tu m  w ell w o u ld  b e  ex p ected  to  show  a frequency  d ep en d en ce  
co m en su ra te  w ith  a  g factor close to  the  b u lk  G aA s v alue  of 
g =  —0 .44 (76]. This suggests th a t the resistance peaks are no t due 
to interactions betw een  the m icrowaves an d  the snake oscillators 
(or, indeed , an y  o ther effect in  the 2DEG).
Instead, the g value d e term in ed  here suggests the peak  is d u e  
to  ferrom agnetic  reso n an ce  in  the  D y  s trip e  [68]. The change in  
th e  m agneto resistance  a t  th is  re so n an t field can  be  a ttr ib u ted  
to  d is tu rb an ce  o f th e  m ag n e tisa tio n  of th e  s trip e  by  FMR. This, 
in  tu rn , affects th e  resistance of th e  channel via th e  m echan ism  
described  in  C h ap ter 4.
It is also w o rth  n o tin g  th a t the  fe rrom agnetic  resonance of 
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F ig u r e  5 9 . A p p lie d  f ie ld  a t p e a k  a s  a  fu n c t io n  o f  m ic r o w a v e  freq u en cy .
A  str a ig h t  l in e  f itted  to  th e  d a ta  is  o b s e r v e d  to  p a s s  th r o u g h  
th e  o r ig in . T h e  s lo p e  o f  th e  l in e  c o r r e s p o n d s  to  a g fa c to r  o f  
1.9 ± 0.15.
6 .7  C O N C L U S I O N
6.7 C O N C L U S I O N
In  conclusion , a th eo ry  h as  b een  p re sen ted  in  w h ich  rad ia tiv e  
em ission  from  electrons in  snake o rb its h as  b een  p red ic ted . For 
a dev ice o f realistic  p aram ete rs , a p o w er o u tp u t o f th e  o rd e r of 
In W  is expected . Such a  system  w o u ld  therefo re  b e  u sefu l as a 
sh o rt range w ireless interconnect.
FMR in a 9011m D y stripe has been detected  by resistance m ea­
surem ents on  the u n d erly in g  2DEG channel. The m easurem ents 
gave a Lande g factor of g =  —1.9 ± 0 .15, in  broad  agreem ent w ith  
lite ra tu re  va lu es for D y a n d  in  co n tra st to  th e  v a lu e  o f a ro u n d  
—0.44 th a t w o u ld  be expected for GaAs.
C O N C L U S I O N 7
Three aspects of snake orbit behaviour have been described in the 
p reced in g  chap ters. In  th is  chap ter, th e  conclusions are  d ra w n  
together, an d  som e suggestions for fu rth e r w ork  an d  extensions 
are p resen ted .
7.1 R E S I S T A N C E  OF M A G N E T I C A L L Y  M O D U L A T E D  C H A N N E L S
7.1.1 Conclusions
A sym m etric positive m agnetoresistance in  a channel m odu la ted  
by  a m agnetic  field  g rad ien t p ro d u c e d  by  a  transversely  m ag ­
n e tised  fe rrom agnetic  s trip e  h a s  b een  observed . This has b een  
described  by a m odel in  w hich  the m agnetic po ten tia l decreases 
the num ber of conducting m odes in  the channel. The asym m etric 
behav io u r com es from  the  d ifferen t po ten tia ls  seen  by  electrons 
travelling in  opposite  directions.
The field w as also ap p lied  to  th is  device p e rp en d icu la r  to 
the  2DEG. In th is configuration , th e  stray  field from  the  m agne­
tised stripe was dw arfed  by the app lied  field. M agnetoresistance 
m easurem ents w ere p erfo rm ed  u sin g  p a irs  of contacts on  either 
s id e  o f th e  stripe, a n d  so co u n te r-p ro p ag a tin g  ed g e  sta tes w ere 
probed .
The difference in  the conductance of the two edge states show ed 
oscillations period ic  in  1/B . This w ere ascribed  to  sca tte ring  b e­
tw een the tw o edge channels occuring w hen  a b u lk  L andau state 
crossed  th e  Ferm i surface. S cattering  also  occurs via the  edge  
sta tes m ixing  in  the  m id d le  of the  channel. Therefore the differ­
ence increases w ith  app lied  field, as the edge states are spatially  
m ore separated .
7.1.2 Further work
Transverse magnetic field gradient -  experimental
To exp lo re fu rth e r the  th eo ry  d escrib ed  here , it is n ecessary  to  
dev ise  som e w ay to  access a g rea te r ran g e  o f values of field 
grad ien ts. It is usefu l to  consider th e  m ax im um  field achievable 
b y  a device sim ilar to  th e  on e  u se d  here , b u t  w ith  o p tim u m  
design  param eters.
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D ysprosium  has the highest satu ra tion  m agnetisation of all the 
ferrom agnets. The fields requ ired  to achieve sa tu ra tio n  m agneti­
sa tio n  w ere  accessible. A  b e tte r m ateria l for th e  fe rrom agnetic  
s trip e  is therefore n o t available.
T he w id th  a n d  d e p th  of th e  s trip e  can  b e  changed . H ow ever, 
these  p a ram e te rs  canno t be chosen  arbitrarily . The w id th  of the 
s trip e  is lim ited  b y  the featu re size acheivable b y  electron  beam  
lith o g rap h y  (w hich  is d iscussed  in  m ore d e p th  in  section  3.1.1). 
So the  m in im u m  possib le w ire  w id th  is a ro u n d  20nm .
There is m ore freedom  over the d ep th  of the stripe. In  principle, 
an y  d e p th  of fe rrom agnet can  be  deposited . Larger cross section 
asp ec t ra tio s  p re sen t m ore  difficulties in  fabrication , a n d  so for 
this d iscussion a (rather arbitrary) lim it for the stripe d ep th  of five 
tim es th e  s trip e  w id th  is im posed . The m agnetic  field  g rad ien t 
increases as the d ep th  of the stripe increases, and  so it is generally 
se t to the  m ax im um  possible.
Finally, th e  s trip e  cou ld  be  b ro u g h t as close as possib le  to  the 
2DEG, b y  u s in g  a  v ery  n ea r su rface h e te ro stru c tu re . C urrently , 
th e  shallow est h ig h  m ob ility  h e te ro s tru c tu res  available have a 
junction  d e p th  of a ro u n d  3onm.
T he m agnetic  field  g ra d ie n t re su ltin g  from  these  p a ram ete rs  
can  be  calculated . It is fo u n d  to  be g reatest for a w id th  of ab o u t 
4onm  an d  a d ep th  of 20onm, w hich  w ould  resu lt in  a field g rad i­
e n t o f 1.8 x 107T m _1. H ow ever, th is  w id th  co rresp o n d s  to on ly  
tw o conduc ting  m o d es a t zero  field, an d  so such  a device could  
n o t reveal m ore th an  tw o conductive plateaux. There is therefore 
a tradeoff betw een field grad ien t an d  available m odes to  exclude.
Transverse magnetic field gradient -  theoretical
T he consequences of th e  m o d el p re sen ted  h ere  d e p e n d  ra th e r 
critically on  the b o u n d ary  profile of the lateral confining potential. 
T his is n o t u n co m m o n  -  th e  m agneto resistance  of very  n arro w  
2DEG channels  fo rm ed  by  e tch ing  sh o w  qualita tively  d ifferen t 
b eh av io u r from  those defined  by  an  electrostatic p in ch  gate  [84]. 
In  th a t case, the difference is d u e  to the different scattering m ech­
an ism s a t the  channel boundaries.
T he ex p e rim en t h e re  cou ld  be rep ea ted  u sin g  a p in ch  gate  to 
define  th e  channel, w h ich  w o u ld  give a m o re  easily  ca lcu lated  
channel profile. However, this w ould  increase fabrication difficul­
ties, as  th e  fe rrom agnetic  s trip e  w o u ld  have to  be iso la ted  from  
the gates. A lternatively, an  increased understand ing  of the etched 
channel's  profile could be gained by fitting the experim ental data  
to  the  p red ic ted  resu lts for d ifferent form s of the potential.
7 .2  SPE C T R O M E T E R S
Electron channelling in edge states
It m ay be w orth  repeating  the experim ent in  w hich  the m agnetic 
field w as applied  perpend icu lar to  the sam ple, b u t using  channels 
u n m o d u la ted  by the ferrom angetic stripe. The channels in  these 
dev ices sh o u ld  b e  have a ran g e  of w id th s , from  1 pm  to  u n d e r  
200nm , in  o rd e r to  change th e  co u p lin g  b e tw een  th e  coun ter- 
p ro p ag a tin g  states.
The devices should  have four contacts equally  spaced on either 
side of the channel, as w ell as tw o a t the ends. This w ou ld  allow  
th e  m id d le  con tac t p a ir  to  be  u sed  as vo ltage  p robes, a n d  the  
o thers to  inject an d  extract cu rren t e ither equally  in to  b o th  edge 
channels, o r preferen tia lly  in to  one side.
The system  w ou ld  also benefit from  a m ore  soph isticated  the­
oretical analysis. In  p articu lar, th e  ex ten t of th e  w avefunctions 
associated w ith  the edge states an d  b u lk  states could  be calculated 
for d iffe ren t fields, an d  th e  cross-channel sca tte rin g  p robab ility  
deduced .
7.2 S P E C T R O M E T E R S
7.2.1 Conclusions
Snake state spectrom eters, designed to  d iscretise the snake states 
in  a channel an d  m easu re  th e  re su ltin g  o rb its, w ere  d esig n ed  
an d  tested . M agnetoresistance oscillations w ere observed, corre­
sp o n d in g  to  the transm ission  of in d iv id u a l orbits. This prov ides 
m ore evidence for the existence of snake orbits, an d  supports the 
id ea  th a t a  large  percen tage  of the  cu rren t ca rry in g  electrons in  
the  m agnetica lly  m o d u la ted  channel rem ain  in  these orbits over 
distances less th an  the electron m ean  free path .
7.2.2 Further work
A ltern a tiv e  desig n s for the sn ak e  s ta te  sp ec tro m eter cou ld  be 
considered . Som e p ro to ty p e  devices w ere  fab ricated  in  w h ich  
th e  PC  3, th e  p o in t con tact d es ig n ed  to  select in d iv id u a l snake 
orbits, w as realised by a p inch  gate. By vary ing  the voltage on  the 
gate, the w id th  of PC 3 could have been  varied. This w ould  have 
altered  the selectivity of the device, an d  changed the sharpness of 
the  conductance peaks rep resen ting  the  transm ission  of a snake 
orbit.
O ne of these devices is show n  in  fig. 60. A ttem pts a t m easure­
m en ts  o n  these  devices w ere fru s tra ted  b y  p o o r q u ality  ohm ic 
contacts, b u t the idea  is w orth  p u rsu ing .
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Figure 6 0 . Electron beam micrograph of spectrometers, using a electro­
static pinch gate for PC 3 . In this device, the region under 
the ferromagnetic stripe is covered by an independent elec­
trostatic gate, which would allow greater control over the 
electron density in the critical region.
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7 .3  R E S I S TI VE LY  D E T E C T E D  F E R R O M A G N E T I C  R E S O N A N C E
7.3.1 Conclusions
A  th eo ry  h as  b een  described  in  w h ich  th e  elec tron  sp in  energy  
levels a re  sp lit by  a tran sv erse  m agnetic  field, a n d  m icrow ave 
em ission  re su lts  from  rad ia tiv e  decay  from  the  excited  sta te  to  
the g round  state. Expected em ission spectra have been  calculated, 
a n d  p eak  o u tp u t pow er h as  theoretically  b een  d e te rm in ed  to be 
of the  o rder of InW.
In  th e  course of p re lim in a ry  ex p e rim en ts  to  tes t th is  theory, 
fe rrom agne tic  resonance in  a  d y sp ro s iu m  s trip e  w as de tec ted  
b y  p e rtu rb a tio n s  to  th e  resistance  in  a  2DEG channel, a n d  the  
g factor d e te rm in ed  to  be 1.95 ±  0 .1. This is in  b ro ad  ag reem en t 
w ith  lite ra tu re  values[68].
7.3.2 Further work
Clearly, m uch experim ental w ork rem ains to be done in  this area, 
a im ed  tow ards the d irect de tec tion  of m icrow ave em ission from  
devices. To m axim ise the pow er em ission, fu tu re  devices shou ld  
be m ade from  InAs heterostructures, in  contrast to the A lG aA s/- 
GaAs devices described here. A lso, the em itter could consist of a 
1 m m 2 array  of stripes, each con tain ing  an  in d ep en d e n t p o p u la ­
tion  of sp in  oscillators.
Such a device p resen ts  no  g rea t d ifficulties in  fabrication, b u t 
it m ay be difficult to  m easure pow er levels of a few  nanow atts in 
a cryogenic setting.
7.4 C O N C L U S I O N S
In  conclusion, th ree  d ifferen t asp ects  o f th e  P hysics of electron  
tran sp o rt in  steep m agnetic field grad ien ts has been  investigated. 
A sym m etric m agnetoresistance has been  observed and  explained, 
d iscre te  snake sta tes in  a channel have b een  ob serv ed  an d  m i­
crowave em ission has been  p red ic ted .
C A L C U L A T I O N  O F  E N E R G Y  L E V E L S  I N  
M A G N E T I C A L L Y  M O D U L A T E D  P O T E N T I A L
A
T he co m p u ter p ro g ram  w ritten  to  calcu late  e igen functions in  a  
sym m etric  p o ten tia l is listed  below . T he p ro g ram  w as  w ritten  
in  F o rtran  90, a n d  w as com p iled  a n d  ru n  o n  a S im  U ltra  E3500 






























psi !WF at x,x+l/2deltax,x+deltax 
dpsi !derivative of WF 
ddpsi !double derivative of WF 
v,fieldgrad !potential,field gradient 
inpute,e,laste !Energy in calculation 
estep !energy change in hunting routine 
potmin,null
r :: lastdiverge,diverge,n ICounter for array storage
Start program
! Get start parameters from user,convert to AU.
! Field grad kept as SI
j
write(*,*) 'Please enter field gradient to analyse (MT/m).' 
read(*,*) fieldgrad













































































if(x>xmax .OR. psi>lE10 .OR. psi<(0-lE10)) EXIT 
END DO 
!

















! finish condition 
!














! Calculates potential at a point
I
double precision function potential(pos,bgrad,offset) 
double precision, intent(in)::pos,bgrad,offset 








! Channel potential 
!





















D E R I V A T I O N  O F  R E S I S T A N C E  M I N I M A  O F  
S P E C T R O M E T E R
It is a ssu m ed  th a t elec trons a re  travelling  ballistically. The step  
approxim ation  to the m agnetic field profile is used , w ith  Bz =  +B 
o n  one side  of the stripe, an d  Bz =  — B o n  the o th er side.
O ther sym bols u sed  in  this deriva tion  are as follows. Physical 
d im en sio n s a re  also  sh o w n  in  fig. 61, w h ich  is a  d u p lica tio n  of 
fig- 47-
d  =  d istance from  PC 2 to  PC 3 
l s =  d istance from  PC 1 to  PC 2 
a  =  offset of PC 3 from  stripe  axis 
0 =  angle betw een  stripe  axis an d  line from  PC 2 to  PC3 
Rc =  cyclotron rad iu s  of electron in  Bz 
n  — in teger n u m b er of snake orb it half-w avelengths 
I a =  snake o rb it w avelength  
kp =  Ferm i w avevector
We s ta r t b y  re la tin g  som e of th e  physical d im en sio n s o f the  
device by




l a =  2Rccos ( ^  -  0 ) =  4Rcsin 0 . (B.3)
A n  in teger n u m b er of w aveleng ths m u st fit in to  the  len g th  of 
the  stripe. We im pose th is condition  by requ iring  th a t
1 3 2
y = 0 x
Bz = +Bs
I A_ \1 J %
V
Bz = -Bs
Figure 6 1 . The geometry used to model the devices. Parameters for the 
derivation are shown.
Combining this with the trigonometric equality
7 sin2<p tan cp =
1 — sin cp
gives
( B .5 )
a 2 ( l s / 2 R cn ) 2 
d 2 “  1 - ( l s / 2 R cn ) 2 '
This can be rearranged into a more useful form.
(B.6)
— (1 - ( —  2d 2 \\ 2 R cn
^ ( ( 2 R cn ) 2 - l f )  =  l
I,
2Rcn






1 +  d*
2Rf
a 2
1 +  d^-
The expression for RC/ 
hkF
Rc = e B /
(B-7) 
(B.8) 





can  be su b stitu ted  in to  eq u a tio n  B .n ,  an d  so
l seB L  a 2
n = m r f r  + v  (Bl3)
is o b ta ined . T he req u irem en t th a t n  is in teg er g ives d iscre te  
values for B, g iven by
B =  2nK kf . (B.14)
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